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SUMMARY!
! Despite! much! being! known! about! tubulin,! there! is! a! dearth! of! structural!
information! on! proteins! that! are! involved! folding,! processing! and! manipulating! this!
important!component!of!the!cytoskeleton.!Trypanosomatids!can!be!used!to!investigate!
these! proteins,! as! they! are! primitive! eukaryotes!whose!main! cytoskeletal! component!
are!microtubules.!It!was!envisaged!that!conserved!features!discovered!would!elucidate!
basic! features!of!eukaryotic!biology!and!specific!differences!would!help!to!understand!
the!specialisation!of!these!parasites.!Therefore!several!projects!were!initiated!in!order!
to! further!understanding!of! several!microtubule!modifying!and!manipulation!proteins!
in!trypanosomatids.!!
This!resulted!in!two!XJray!crystallography!structures!being!produced.!One!is!of!
the!ADP!ribosylation!factor!like!1!(ARL1)!and!another!of!the!CAPJGly!domain!of!tubulin!
binding! cofactor! B! (TBCJB).! Enzymes! involved! in! posttranslational! modifications! of!
tubulin,! tyrosine! ligation!and!deacetylation,!were!also! investigated.!These!projects!did!
not!result!in!crystal!structures,!but!are!discussed!in!chapters!5!and!6.!
In! chapter! 3,! the! structure! of! Leishmania* major* ADP! ribosylation! factorJlike! 1!
(LmARL1)! is! described.! ARL! proteins! are! a! family! of! small! regulatory! GTPases! that!
undergo!conformational!changes!upon!nucleotide!binding.!Such!changes!are!implicated!in!
!!!!
!
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!
regulating! the!affinity!of!ARLs! for!binding!other!proteins,! lipids!or!membranes.!Much! is!
known!about!the!structure!of!human!and!yeast!ARL!proteins,!research!stimulated!in!large!
part!due!to!their!essential!nature!in!vesicular!biogenesis!and!membrane!trafficking.!There!
is!however,! a!paucity!of! structural!data!on! this! family!of!proteins! in! the!Kinetoplastida,!
despite! biological! studies! implicating! them! in! key! events! related! to! vesicular! transport!
and!regulation!of!microtubule!dependent!processes.!The!crystal!structure!of!ARL1! from!
the!protozoan!parasite!L.*major!in!complex!with!GDP!was!determined!to!2.1!Å!resolution.!
The! analysis! reveals! a! high! degree! of! structural! conservation! with! human! ADP!
ribosylation!factor!1!(ARF1).!Mining!L.*major!genomic!data! identified!putative!ARF/ARL!
family!members,!which!were! examined! and! classified,! based! on! conservation! of! amino!
acid! sequences! combined! with! what! is! known! about! orthologous! proteins! in!
Kinetoplastids!and!in!humans,!for!which!a!standardised!nomenclature!has!been!proposed.!
This! initial! classification! may! guide! future! studies! designed! to! elucidate! biological!
function!of!specific!family!members.!
Chapter!4!contains!the!discussion!of!the!two!functional!domains!of!Trypanosoma*
brucei!TBCJB,!a!key!protein!involved!in!the!correct!chaperoning!of!quasiJfolded!tubulin!
to! its! native!polymerisable! state.! There! is! currently! little! known!about! this! system! in!
trypanosomatids! and! there!were! no! structures! of! this! protein! in! protists.! Although! it!
was!possible!to!crystallise!the!full!length!TbTBCJB!protein,!no!diffraction!was!obtained.!
!!!!
!
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Instead!the!two!domains!of!the!protein!were!crystallised!separately.!These!are!the!Ubl!
and!CAPJGly!domains!solved!to!2.35!and!1.6!Å!resolution!respectively.!!It!was!calculated!
that! the!missing! linker! region!most! likely! contains! a! small! region!of!αJhelical! content!
but!is!mostly!unstructured.!
The! general! fold! of! the! Ubl! domain! is! highly! conserved,! despite! low! sequence!
identity!between!this!sequence!and!other!TBCJBs.!Due!to!this!low!similarity!it!was!not!
possible! to! determine! which! residues! are! important! for! complex! formation! between!
this!protein!and!other!cofactors!or!with!tubulin.!!
The! CAPJGly! domain! despite! having! higher! sequence! and! structural! fold!
conservation!with!other!TBCJB!CAPJGly!domains!contains!a!major!difference!in!the!β7J
β8! tubulinJbinding! loop.! It! is! postulated! this! sequence! difference! of! a! glycine! in! the!
asparagine!position!of!the!highly!conserved!‘GKNDG’!sequence!may!affect!this!domain’s!
binding! to! the! αJtubulin! CJterminal! tail.! ! The! peptide! binding! groove! of! TBCJB! forms!
crystal! contact! interactions! with! the! CJterminus! of! a! neighbouring! molecule.! This!
allowed!for!the!comparison!of!this!binding!interaction!with!the!more!typical!αJtubulin!
tail!binding!seen! in!other!CAPJGly!domains.! !As!this!protein!and!domain!both!elute!as!
monomers! from! gel! filtration! columns! and! this! interaction! probably! represents! a!
crystallographic!artefact.!
!!!!
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All! trypansomatid! TBCJB! sequences! have! differences! in! their! tubulinJbinding!
loops! and!CJterminus! that! are! identical! or! similar! to! the!αJtubulin! tail.! In! addition! to!
these! differences,! no! other! CAPJGly! domains! were! identified! in! the! trypanosome!
genome.!!
Although! deacetylation! is! an! important! modification! of! tubulin,! there! are! no!
structures! of! any! tubulin! deacetylases! and! although! several! histone! deacetylase!
structures!are!known,!none!have!been!reported!from!protists.!Therefore!investigations!
were!commenced!to! identify,!clone!and!obtain!recombinant!material! for!crystalisation!
experiments.!A!putative! tubulin!deacetylase! form!T.* brucei!was! identified! and! soluble!
recombinant! material! could! be! produced,! attempts! to! crystallise! or! characterise! this!
protein!were!prevented!by!degradation!of!the!protein.!
At! the!start!of! this!project,!despite!tubulin!tyrosine! ligase!(TTL)!activity!having!
been!identified!over!thirty!years!previously,!no!structures!of!any!TTL!enzymes!had!been!
determined.!It!was!not!possible!to!produce!any!material!for!crystallisation!studies!from!
the!trypanosomatids!therefore!other!source!organisms!were!investigated.!As!Sus*scrofa!
TTL! had! been! produced! previously! in! Escherichia* coli,! it! was! chosen! as! a! target! for!
crystallisation!experiments.!However,!despite!it!being!possible!to!obtain!folded!protein!
of!high!purity,!no!crystals!were!obtained.!
!!!!
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1.!INTRODUCTION!! This! thesis! covers! several! areas! of!microtubule! biology,! primarily! proteins!that! fold,! process! and!manipulate! this! important! component!of! the! cytoskeleton.!Although! there! is! much! known! about! tubulin,! there! is! a! dearth! of! structural!information!on!proteins!involved!in!these!processes.!!! The!trypanosomatids!were!chosen!as!model!organisms!as!they!are!primitive!eukaryotes!whose!main!cytoskeletal!component!are!microtubules.!They!provide!a!model! system! for! the! study! of! general! microtubule! biology! and! have! been!extensively!characterized!by!ultrastructural,!biochemical!and!genetic!means.! It! is!anticipated! that! conserved! features! will! elucidate! basic! features! of! eukaryotic!biology! and! specific! differences! will! help! understand! the! specialisation! of! these!parasites.!
!
1.1.!Trypanosomatids!!1.1.1.(African(trypanosomiasis((
Trypanosoma(brucei(gambiense!and(T.(b.(rhodesiense(are!responsible!for!the!human!disease!African!trypanosomiasis,!also!known!as!African!sleeping!sickness.!It!is!prevalent!in!36!subBSaharan!countries!and!is!spread!by!the!bite!of!the!infected!tsetse! fly! (Glossina( spp.).! The! majority! (95! %)! of! infections! are! from! the! T.( b.(
gambiense! subBspecies,!which! is! a! chronic! form,!with! symptoms! appearing! after!months! to! years.! The! final! five! percent! of! cases! are! due! to! the! acute! T.( b.(
rhodesiense! form,! with! symptoms! appearing! much! quicker,! within! weeks! to!months!of!transmission.!Both!forms!are!fatal!if!left!untreated!(Simarro!et(al.,!2011).!
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!The!T.( b.( rhodesiense! form! is! also! a! zoonotic! disease,! animals! playing! the!major! role! as! reservoirs! of! infection! (Hutchinson! et( al.,! 2003).! Cattle! also! suffer!from!nonBhuman!transmissible!forms!of!trypanosomiasis,!known!as!Nagana,!which!places! an! economic! burden! on! already! poor! communities! (Connor,! 1994).! T.( b.(
brucei!is!an!exclusively!animal!infective!subspecies.!It!is!often!used!as!a!laboratory!strain! as! it! is! very! similar! to! the! human! infective!T.( brucei! species,! but! safer! to!work!with!(Gibson,!2012).!There! are! two! stages! of! the! disease,! a! hemolymphatic! first! stage! and! a!meningoencephalitic!second!stage!(Priotto!et(al.,!2007).!Upon!crossing!the!bloodBbrain!barrier!and!progressing!to!stage!two,! infectivity!symptoms!include!changes!in!behaviour,!confusion,!sensory!disturbances,!poor!coordination!and!a!difference!in!the!circadian!rhythm.!!There!are!currently!no!vaccines!and!present!treatments!are!toxic!and!losing!efficacy! due! to! resistance.! Additionally! treatments! can! be! difficult! to! administer!under!poor!health!services!(Stuart!et(al.,!2008).!!!1.1.2.(Leishmaniasis(Leishmaniasis! threatens! 350! million! people! and! is! prevalent! in! 88!countries;! 12! million! people! are! currently! infected! with! a! reported! 1B2! million!extra! cases! every! year.! It! is! spread! by! the! bite! of! one! of! 30! different! species! of!Phlebotomine! sandfly.! Three! forms! of! leishmaniasis! exist:! cutaneous,!mucocutaneous! and! visceral,! the! latter! is! fatal! if! left! untreated.! ! There! are!more!treatment!options!for!leishmaniasis!than!trypanosomiasis,!however!these!are!also!suffering!from!toxicity!and!an!increase!in!resistance!(Castillo!et(al.,!2010).!
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Leishmania(major,( the! causative! agent! of(dermal! cutaneous! leishmaniasis,!makes!a!good!study!model!as!it!has!had!its!genome!sequenced.!!!1.1.3.(Trypanosomatids(as(model(organisms(
T.(brucei!and!L.(major!are!both!of!the!order!trypanosomatid!and!members!of!the!family!Kinetoplastida!–!older!and!more!primitive!than!the!ciliates!(Schneider!et(
al.,!1997).!Nevertheless!they!are!eukaryotes!and!contain!typical!features!such!as!a!nucleus! with! nuclear! envelope,! an! endoplasmic! reticulum! (ER),! Golgi! and!mitochondrion.!However,!there!are!some!unique!and!deviant!features!such!as!the!mitochondrion! form,! which! is! large! and! elongated,! with! its! own! genome! –! the!kinetoplast.! Replication! of! the! kinetoplast! is! linked! to! the! basal! body! of! the!flagellum!(Bastin!et(al.,!2000).!
(
1.2.!Microtubules!Microtubules! are! essential! for! the! cell,! playing! vital! roles! in! cell! division,!endo!and!exocytosis!and!general!cell!structure!(Margolis!&!Wilson,!1998).!They!are!polar!filaments,!with!plus!and!minus!ends,!constructed!from!polymers!of!α!and!βBtubulin!heterodimers.!The!tubulin!dimers!assemble!head!to!tail,!with!the!βBtubulin!pointing! towards! the! plus! end,! into! protofilaments! that! come! together! to! form!hollow! tubules! (25! nm! in! diameter).! Microtubules! usually! consist! of! 13!protofilaments! (Figure! 1.1).! Although! both! ends! can! be! involved! in! subunit!exchange,!the!plus!end!does!so!at!a!greater!rate!(Margolis!&!Wilson,!1998;!Howard!&!Hyman,!2009).!
!!
Chapter(1(*(Introduction(
(
! !
!
4!
!
Figure!1.1.!Microtubules!(left)!are!formed!from!α!and!βBtubulin!dimers!(right),!shown!in!pink!and!blue!cartoons!respectively.!GTP!shown!in!orange!spheres,!GDP!in!yellow!spheres.!Adapted!from:!(Werbovetz,!2002)!and!PDB!1TUB!!Both! tubulin! subunits! have! a! guanine! nucleotide! bound! (Figure! 1.1),!however!the!αBtubulin!subunit‘s!nucleotide!is!trapped!between!the!dimer!interface!and!cannot!be!hydrolysed! (Barbier!et(al.,!2010).! !The!nucleotide!bound! to! the!βBtubulin!subunit!can!be!hydrolysed!and!this! influences! the!dimer’s!affinity! for! the!microtubule.!GTP! tubulin!has!greater!affinity! for! lateral! interactions!and! forms!a!stabilising! ‘GTP! cap’! at! the! tip!of! polymerising!microtubules.!Most! of! the! tubulin!within! the!microtubule! is! in! the!GDP! form!as!βBtubulin! gradually!hydrolyses! the!nucleotide!post!polymerisation.!If!the!hydrolysed!tubulin!meets!with!the!end!of!the!microtubule! it! rapidly! depolymerises,! this! event! is! known! as! a! catastrophe!(Howard!&!Hyman,!2009).! It! is! thought! that! the!weakened!affinity!between!GDP!
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!tubulin!is!due!to!allosteric!changes!that!occur!after!hydrolysis,!causing!curvature!in!the!protofilament!(Barbier!et(al.,!2010).!This! forms! the! basis! of! microtubules’! stochastic! growth! pattern! of!punctuated!growth!and!massive!shrinkages,!known!as!dynamic! instability.!There!are!many!proteins!involved!in!regulation!of!this!dynamic!behaviour.!!Microtubule!associated! proteins! (MAPs)! and! plus! end! tracking! proteins! (+TIPs)! stabilise! the!microtubules,! whilst! catastrophes! can! be! encouraged! by! different! MAPs,! some!kinesins!and!severing!factors!such!as!katinin!(Howard!&!Hyman,!2009).!!!
In(vitro!microtubules!spontaneously!polymerize!in!the!presence!of!GTP!and!magnesium! (Moritz! et( al.,! 1995).! In! cells! the! concentration! of! tubulin! dimers! is!below!that!for!spontaneous!nucleation!(Moritz!et(al.,!1995).!!Instead!they!nucleate!at!the!microtubule!organizing!centre!(MTOC),!specifically!from!a!structure!formed!around!a!third!isoform!of!tubulin,!γBtubulin!(Moritz!&!Agard,!2001).!This! isoform!does!not!polymerize! into!microtubules,! like!the!α!and!βBtubulin!dimer.!The!basal!body,!which!nucleates!the!cilia!and!flagella,!is!a!type!of!MTOC.!!
(1.2.1.(Eukaryotic(flagella(and(cilia(Eukaryotic! flagella! and! cilia! are! ubiquitous! microtubuleBbased! organelles!that!protrude!from!many!different!cell! types!and!are!remarkably!conserved!from!protists!to!mammals.!!The!names!flagella!and!cilia!are!essentially!interchangeable!and!it!has!been!suggested!that!a!unifying!term!–!undulipodia!–!should!be!employed!to!avoid!confusion!with!the!bacterial!flagellum,!to!which!the!eukaryotic!namesake!bears! little! resemblance! (Schneider! et( al.,! 1997).! There! are! two! main! functions!
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!known! for! cilia:! motility! and! sensory! and! they! are! involved! in! many! important!cellular!and!developmental!functions.!The! flagellum!structure! typically! consists!of! a! canonical!membraneBbound!arrangement! of! nine! fused! doublet! microtubules! surrounding! two! single!microtubules!(Blue!features!Figure!1.2,!page!8).!The!fused!doublet!consists!of!an!A!tubule! which! is! a! complete! microtubule! of! thirteen! protofilaments,! with! ten!incomplete!B!prototubules!attached! to! it.!However,!other!variations,! such!as!9+0!arrangements,!are!also!possible!(Schneider!et(al.,!1997).!The! organelle! extends! from! the! basal! body,! or! centrioles,! from! the!minus!ends!of!the!microtubules.!Elongation!of!the!flagellum!is!from!the!distal!plus!ends!of!the! microtubules! and! therefore! relies! on! transportation! of! material! to! the!flagellum!tip!in!a!process!known!as!intraflagellar!transport!(IFT).!Axonemal!dynein!motors!crosslink!adjacent!doublets,!which!causes!the!ATP!dependant!sliding!force!seen! between! the! microtubule! pairs.! At! the! central! pair! of! microtubules,! nexin!links! and! radial! spokes! are! responsible! for! the! transformation! of! this! sliding!motion!into!the!recognisable!beat!pattern.!!NonBmotile! primary! cilia! often! lack!dynein!motors! and! the! central! pair! of!microtubules.! In! humans,! they! were! previously! considered! to! be! vestigial!remnants! of! motile! cilia,! but! have! recently! been! shown! to! be! linked! to! several!pathogenic!diseases!known!as!the!ciliopathies!(Verhey!&!Gaertig,!2007).!
(1.2.2.(Trypanosome(flagellum(Trypanosomes! have! a! relatively! simple! cytoskeleton! that! is! primarily!microtubulin! based! (Schneider! et( al.,! 1997).! There! are! two! major! microtubule!
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!structures! in! the! trypanosome;! these! are! the! subpellicular!microtubules! and! the!flagellum! axoneme.! The! former! is! a! corset! of! parallel! interconnected,! helically!arranged,!singlet!microtubules!in!close!contact!to!the!plasma!membrane.!The!latter!structure,!the!flagellum,!will!be!discussed!in!more!detail!below.!!Trypanosomatids!have!a!digenetic!lifecycle.!They!proliferate!as!extracellular!parasites!in!the!blood!stream!of!their!mammalian!host!until!being!uptaken!in!a!fly!via!a!blood!meal.!Once!in!the!fly’s!gut!they!migrate!into!the!peritrophic!space!and!then! into!the!salivary!glands,!ready!to! infect!a!new!mammal!host.!They!use!their!flagellum!to!attach!to!the!epithelium!of!the!fly’s!salivary!gland,!by!forming!plaques!that!closely!resemble!hemidesmosomes!(Schneider!et(al.,!1997),!allowing!time!for!maturation!into!their!infective!form.!(In! addition,! normal! flagellar! beat! is! necessary! for! the! uptake! of! IgG!complexed! to! variant! surface! glycoprotein! (VSG),! contributing! to! evasion! of!immune!system!detection!by!the!host!(Engstler!et(al.,!2007;!Ralston!&!Hill,!2008).!Thus!the!flagellum!is!an!important!organelle,!not!only!for!motility!and!mitosis!but!also!pathogenicity!and!parasite!survival!(Bastin!et(al.,!2000).!Trypanosomes!have!only!one!flagellum,!which!extends!from!the!basal!body!out!of!the!flagellar!pocket,!the!only!area!capable!of!endo!and!exocytosis.!Except!for!the! distal! tip,! the! flagellum! associates! along! the! cell! body! via! the! flagellar!attachment!zone!(FAZ)!(Figure!1.2).!!
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!
Figure!1.2.!Major!structures!of!the!trypanosome!flagellum.!Image!reproduced!with!permission!from!(Ralston!et(al.,!2009).!A.!Scanning!electron!micrograph!of!a!procyclic!trypanosome,!the!arrow!indicates!the!flagellum.!B.!Transmission!electron!micrograph!of!the!flagellum!crossBsection,!posterior!to!anterior!view.!C.!Major!structures!of!the!flagellum!as!a!cartoon!of!panel!B.!Broadly!conserved!eukaryotic!features!are!in!blue,!those!unique!to!trypanosomes!and!close!relatives!are!in!green.!Abbreviations:! DRC,! dynein! regulatory! complex;! IFT,! intraflagellar! transport;! FAZ,! flagellum!attachment!zone;!PFR,!paraflagellar!rod;!MT,!microtubule.!! As! with! most! other! eukaryotic! flagellum,! the! axoneme! is! arranged! in! a!typical! 9+2! formation! of! microtubules! (Figure! 1.2).! ! In! addition! to! this,!
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!kinetoplastids,! euglenoids! and! dinoflagellates! also! possess! a! paraflagellar! rod!(PFR),! unlike! other! eukaryotes! (Koyfman! et( al.,! 2011).! This! is! a! paracrystalline!filament!constructed!from!coiled!coil!proteins!(Schneider!et(al.,!1997;!Fukushima!
et(al.,!2009)!that!runs!alongside!the!flagellum!and!is!important!for!translating!the!planar!wave!of!the!axoneme!into!the!characteristic!bihelical!wave!motion!of!these!cells!(Koyfman!et(al.,!2011).!Another!microtubule!structure!of!trypanosomes!is!the!microtubule!quartet!that!runs! in!a! left!hand!helical!pattern,! in! the!opposite!polarity! to! the!rest!of! the!microtubules! in! this! organelle! (Figure! 1.3).! The! flagellum! nucleates! next! to! the!probasal!body!with!a!9+0!triplet!microtubule!structure,!before!changing!to!a!9+0!doublet!arrangement.!The!flagellum!exits!the!cell!body!at!the!collar!where!around!this!point!the!central!pair!of!microtubules!are!nucleated.!!
!
!
Figure! 1.3.! Cytoskeleton! elements! of! the! flagellum!modelled! using! electron! tomography.! Figure!reproduced!with!permission!from!Journal!of!Cell!Science!(Engstler!et(al.,!2007).!Abbreviations:!MtQ,!microtubule!quartet;!FAZ,!flagellum!attachment!zone;!paraflagellar!rod;!PBB,!pro!basal!body.!Scale!bar:!200!nm!
!
!
!
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1.3.!Tubulin!posttranslational!modifications!Posttranslational! modifications! (PTMs)! mark! microtubule! subpopulations!such!as!stable!microtubules!like!those!in!cilia,!centrioles!and!flagella.!It!is!possible!that!this!allows!for!the!recruitment!of!protein!complexes!(Verhey!&!Gaertig,!2007).!Benefits! of! PTMs! from! translationally! different! isotypes! are! the! speed! of!modification!possible!and!the!ability!for!combinatorial!coding!which!is!analogous!to! those! on!histones.!However,! unlike! histones! the!PTM!pattern! of!microtubules!does!not!experience!epigenetic!inheritance!(Verhey!&!Gaertig,!2007).!!Therefore,!it!is! possible! that! these! modifications! hold! temporal! information.! Paclitaxel,! a!microtubule! stabilising! drug,! increases! the! levels! of! PTMs! suggesting! that! stable!microtubules!might! be! the! preferred! substrate! for! PTM! enzymes! (Bonnet! et( al.,!2001).!
(The! main! types! of! modifications! made! to! tubulin! are! the! addition! or!removal! of! amino! acids! to! the! CBterminal! tail! (CCT)! such! as! polyglutamylation,!polyglycylation,! tyrosination! and! detyrosination! (Figure! 1.4).! Other! sites! on!tubulin! can! be! modified! by! acetylation,! phosphorylation,! ubquitination,!sumoylation!and!palmitoylation!(Janke!&!Bulinski,!2011).!!
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Figure!1.4.(Tubulin!posttranslational!modifications.!Figure! taken,!with!permission! from!(Janke!&!Bulinski,!2011).!(Abbreviations:!CCT,!CBterminal! tail;!CCP,! cytosolic!carboxypeptidase;!TTL,! tubulin! tyrosine! ligase;!TTLL,! tubulin! tyrosine! ligase! like;! TAT,! tubulin! acetyl! transferase;! HDAC,! histone! deacetylase;!SIRT2,! sirtuin!2.!TTLL!numbers! refer! to!mammal!enzymes;! this!numbering!system! is!different! in!other!organisms.!!
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!When!many!different!tubulin!isoforms!were!identified!in!the!1980s,!it!was!postulated! that! this!was! the! source! of! diversity! due! to! their! specific! localisation!and!expression! (Janke!&!Bulinski,!2011).! !However,! further!experiments! showed!that! tubulin! isoforms! are! often! functionally! interchangeable.! Also,! in! more!primitive!organisms!such!as!yeast!and!protists,!such!as!T.(brucei,(posttranslational!modifications!are! the!main!source! for! tubulin!diversity!available!(Westermann!&!Weber,!2003;!Janke!&!Bulinski,!2011).!!The!modification!of!the!flexible!CTTs!is!of!special!interest!as!it!is!the!region!where! a! large! number! of! MAPs,! motors! and! +TIPs! associate! with! the! filament!(Verhey! &! Gaertig,! 2007;! Wloga! et( al.,! 2008).! Tyrosination,! acetylation! and!polyglutamylation! will! be! discussed! further! as! they! were! targets! for!crystallographic!structural!and!activity!studies!in!this!project.!
(1.3.1.(Tyrosination/detyrosination(cycle(Tubulin!tyrosine!ligase!(TTL)!is!a!member!of!the!ATPBgrasp!family!that!adds!a! terminal! tyrosine! to! the! α! subunit! of! tubulin! heterodimers! through! ATPBdependant! ligase! activity.! This! tyrosine! is! enzymatically! removed! via! an! asByet!unidentified!carboxypeptidase!soon!after!translation!(Hammond!et(al.,!2008).!TTL!may!be!regulated!by!phosphorylation,!as!the!addition!of!phorbal!esters!(kinase!activators)!causes!a!total!loss!of!microtubule!tyrosination!in!macrophages.!TTL! contains! a! protein! kinase! A! (PKA)! consensus! site! ‘RKA’! and! other! kinase!consensus! sequences! within! its! conserved! nucleotide! binding! amino! acids.! It! is!postulated! that! the! addition! of! a! phosphate! group!within! the!Mg2+/ATP! binding!fold!of!TTL!would!cause!an!inhibition!of!binding!to!αBtubulin!(Idriss,!2000).!
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!The!carboxypeptidase!appears!to!act!preferentially!upon!microtubules!and!not! soluble! tubulin! as! detyrosination! appears! to! accumulate! upon! long! lived!tubulin! populations! (Janke! &! Bulinski,! 2011).! This! is! shown! by! the! delayed!appearance! of! microtubule! detyrosination! after! the! application! of! destabilising!drugs!or!mitosis.!Detyrosination!also!increases!in!the!presence!of!the!microtubule!stabilising( drug! paclitaxel.! However,! it! is! unclear! whether! the! carboxypeptidase!favours!microtubules!or!just!competes!poorly!against!TTL!(Hammond!et(al.,!2008).!!Detyrosinated! tubulin! tends! to! appear! in! the! final! stages! of! functional!differentiation! and! is! localised! on! very! stable! microtubule! populations! such! as!primary!cilia!and!centrioles!and!the!axonal!tubulin!of!sea!urchin!sperm!(MacRae,!1997;! Janke! &! Bulinski,! 2011).! ! These! are! microtubule! populations! that! are! no!longer! undergoing! the! classic!microtubule! dynamic! instability! (Janke!&!Bulinski,!2011).!Detyrosination!does!not!appear! to!affect!microtubule!stability!directly!but!does!influence!binding!and!localisation!of!several!microtubule!regulating!proteins!and!motors.! Cytoskeleton! associated! proteins! (CAPs)! that! contain! a! glycineBrich!domain! (CAPBGly)! such! as! cytoplasmic! linker! protein! (CLIP)B170,! CLIPB155! and!p150Glued/dynactin!localise!at!the!ends!of!tyrosinated!microtubules!and!not!their!detyrosinated! counterparts.! In! addition,! members! of! the! microtubule!depolymerising! kinesin! 13! family! can! only! act! upon! tyrosinated! tubulin,! so!prevention!of!this!action!would!increase!the!stability!of!the!microtubules!(Janke!&!Bulinski,!2011).!
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!It! is!also!possible!that!tubulin!detyrosination!is!used!in!cells!to!disconnect!microtubuleBmembrane! interactions! in! terminally! differentiated! cells! that! no!longer!require!changes!in!morphology!(Hammond!et(al.,!2008).!The! intermediate! filament,! vimentin,! coaligns! with! detyrosinated! tubulin!(Westermann!&!Weber,!2003).!This!may!be!related!to!kinesinB1!having!a!2.8!times!higher! binding! affinity! to! detyrosinated!microtubules! and! acting! as! a!molecular!bridge!(MacRae,!1997).!In!addition,!this!increase!in!affinity!could!be!important!for!long!distance!intramolecular!travel,!such!as!in!neurons!which!can!grow!axons!up!to!one!meter!in!length!(Janke!&!Bulinski,!2011).!!1.3.2.(Δ2*tubulin(There! is! a! permanent! modification! of! tubulin! where! the! penultimate!glutamate!(postBtyrosine!removal)!is!also!cleaved!known!as!Δ2B!tubulin.!This!type!of! tubulin! is! not! a! substrate! for! TTL! and! effectively! curtails! the!tyrosination/detyrosination! cycle! (Van! Dijk! et( al.,! 2007).! It! is! enriched! in! brain!tubulin,! appearing! in! over! 35!%! of! the! neuron! tubulin! population,! whilst! in! rat!muscle!this!modification!is!almost!nonBexistent!(Lafanechère!&!Job,!2000).!Recently! cytosolic! carboxypeptidase! 1! (CCP1)! has! been! identified! as! the!carboxypeptidase! involved.! It! has! the! ability! to! cleave! detyrosinated! tubulin!terminal! glutamate! and! indeed,! in( vivo,! the! next! glutamate! along,! creating! Δ3Btubulin.! It!also!shows!activity!against!polyglutamated!α!and!βBtubulin!(Berezniuk!
et(al.,!2011).!!
(
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1.3.3(Glutamylation(Glutamylation! is! performed! by! TTLBlike! enzymes! (TTLLs).! ! It! is! a!heterogeneous!modification!capable!of!forming!long!or!short!chains!of!glutamates!on! either! α! or! βBtubulin! (Janke! &! Bulinski,! 2011).! There! are! two! types! of!glutamylation:! initiating!and!elongating.! In! initiating!glutamylation! the!glutamate!is! added! to! the! γ! carbonyl! group! of! a! CTT! glutamate.! Elongations! involve! the!addition!of!further!glutamates!to!this!site!via!isopeptide!bonds!or!peptide!bonds.!It!is!probable,!and!there!is!some!evidence,!that!separate!enzymes!perform!these!two!separate!elongations!(Van!Dijk!et(al.,!2007).!There!does,!however,!seem!to!be!some!flexibility!between!TTLLs!capable!of!initiation!and!elongation!steps!(Van!Dijk!et(al.,!2007;!Verhey!&!Gaertig,!2007).!This! modification! is! not! restricted! to! tubulin! but! is! also! present! on!nucleosome!assembly!proteins!(NAPs)!as!well!as!chromatin.!Some!TTLLs!such!as!mouse!TTLL4!have!activity!on!tubulin!and!NAPs!in(vitro!(Van!Dijk!et(al.,!2007).!In! the! trypanosome,! glutamylation! is! the!major!modification! present;! the!extent! of! this! modification! is! even! greater! than! in! the! mammalian! brain.! Mass!spectrometry,!performed!on!cleaved!CTTs,!confirmed!that!αBtubulin!can!have!up!to!15! glutamate! residues! posttranslationally! added! onto! the! Glu445! CTT! residue,!whereas! βBtubulin! typically! has! less! (up! to! 6).! These! are! the! same! sites! of!modification!as!noted!in!the!mammalian!brain!(Schneider!et(al.,!1997).!!Polyglutamylation! of! the! axoneme! is! required! for! correct! cilia! beating.!Knockdowns! of! the! polyglutamylase! TTLL6! in! zebrafish! partially! modified! cilia!structure! and! integrity;! when! combined!with! a! knockdown! of! the! polyglycylase!TTLL3! (which! alone! had! no! effect)! it! caused! axonemal! ultrastructural! defects!
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!(Pathak!et(al.,!2011).!In!Tetrahymena,!the!polyglutamylase!TTLL6F!and!TTL6A!are!responsible!for!modifying!the!B!tubule!in!axonemes.! !When!knocked!out!together!there! is! a! decrease! in! glutamylation! which! affects! the! axoneme! assembly! and!motility!(Suryavanshi!et(al.,!2010).!!!Different!MAP!binding! affinities! are! a! function! of! polyglutamylation! chain!length.! Tau,! MAP2! and! kinesin! bind! preferentially! to! approximately! three!glutamate!units!(Bonnet!et(al.,!2001).!This!could!allow!the!selective!recruitment!of!different! MAPs! and! motors! to! separate! microtubule! populations! (Bonnet! et( al.,!2001).! Polyglutamylation,! however,! is! a! differential! and! not! a! general! MAP!regulator,! as! cleavage! of! the! CTT! by! subtilisin! does! not! prevent! MAP! or! Tau!binding!(Fukushima!et(al.,!2009).!!1.3.4.!Acetylation(Acetylation!occurs!on!Lys40!of!αBtubulin,!which!faces!into!the!lumen!of!the!microtubules,!and!it!is!extensively!observed!in!stable!microtubules!resistant!to!the!tubulin!destabilising!drug,!nocodazole!(Westermann!&Weber,!2003;!Mishima!et(al.,!2007).! ! Two! tubulin! deacetylase! enzymes! have! been! discovered,! histone!deacetylase!6!(HDAC6),!which!despite!its!name!has!no!deacetylase!activity!against!histones! and! sirtuin! 2! (SIRT2)! (Janke! &! Bulinski,! 2011).! ! However,! recently!through!a!whole!proteome!study!(Choudhary!et(al.,!2009), !several!other!sites!of!acetylation!have!been!identified.!Several!of!these!such!as!Lys52!and!Lys252!were!identified!on!human!βBtubulin.!The!role!of!these!new!acetylation!sites!have!yet!to!be!reported!and!will!not!be!discussed!further.!!
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!All!αBtubulin!present!in!the!trypanosome!flagellum!is!acetylated!(Verhey!&!Gaertig,!2007),!however! its!purpose! is!unclear!as!Lys40! is! in! the! inside! lumen!of!the! microtubule! structure! and! mutations! in! the! acetylase! responsible! show! no!obvious!phenotype!(Verhey!&!Gaertig,!2007).!KinesinB1!binds!with!a!higher!affinity!to! acetylated! microtubules! (Hammond! et( al.,! 2008).! Furthermore,! acetylation!preservation! using! deacetylase! enzyme! inhibitors! (trichostatin! A! and! tubucin)!stimulates!kinesinB1!anterograde!movement!(Fukushima!et(al.,!2009).!!
1.4.!Microtubule!biogenesis,!chaperones!and!cofactors!1.4.1.(Tubulin(chaperones(Chaperones! are! required! for! the! correct! folding! of! tubulin! in! the! cellular!environment!(Szymanski,!2002).!High!local!protein!concentrations!and!molecular!crowding! can! lead! to! misfolding! and! protein! aggregation,! also! tight! control! is!required! to! prevent! premature! polymerisation! of! microtubules! (Lundin! et( al.,!2010).!!Current! understanding! of! the! tubulin! folding! pathway! is! limited! and! has!only!recently!begun!to!be!dissected.!A!working!model!of!this!process!is!described!in!Figure!1.5.!!After!tubulin!is!translated!it!is!captured!by!prefoldin!(Vainberg!et(al.,!1998)! and! it! is! then! passed! to! the! TBcomplex! polypeptide! 1! complex! (CCT)!(Valpuesta! et( al.,! 2002).! This! complex! is! a! distant! homologue! to! the! bacterial!chaperone! GroEL! (Valpuesta! et( al.,! 2002).! It! consists! of! two! eight! or! nine!membered! rings,! which! form! a! barrelBlike! structure! (Muñoz! et( al.,! 2011).! The!chamber!formed!inside!provides!a!secluded!environment!for!nascent!polypeptide!chains!of!tubulin!and!actin!to!fold!correctly!(Brackley!&!Grantham,!2009).!!
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!When! released! from! the! CCT! the! tubulin! is! folded! but! it! is! unable! to!polymerise!into!microtubules!(Muñoz!et(al.,!2011).!This!quasiBnative!folded!tubulin!is!then!passed!onto!a!series!of!cofactors!that!are!important!for!further!folding!and!dimer!assembly.!!These!are!named!tubulin!binding!cofactor!(TBC)!A,!B,!C,!D!and!E,!and!are!indicated!by!the!letter!alone!in!Figure!1.5.!The!αBtubulin!is!chaperoned!by!TBCBB!and!βBtubulin!by!TBCBA.!These!cofactors!are! then!displaced!by!TBCBD!and!TBCBE,!which! bind! α! and! β! tubulin! respectively,! bringing! the! tubulin!monomers!together! to!allow! for!dimerisation.!TBCBC! is! involved! in! the! final! stages!of!dimer!formation,!stimulating!GTP!hydrolysis!in!the!βBtubulin!and!dimer!release!from!the!complex!(Lundin!et(al.,!2010).!In!humans,!retinitis!pigmentosa!2!protein!(RP2)!is!a!structural!homologue!of!TBCBC,!which!although!it!can!also!cause!GTP!hydrolysis!when!TBCBD!is!present,!cannot!substitute! for!TBCBC.! It!appears! to!be! involved! in! the! tubulin!degradation!pathway,!especially!in!cilia!(Stephan!et(al.,!2007).!Although!TBCBA,!B,!E!and!D!are!involved!in!tubulin!folding,!there!is!also!growing!evidence!of!their!involvement!in!dimer!separation!and!the!regulation!of!tubulin!dynamics!and!degradation!(Tian!et(
al.,! 1997;! Kortazar! et( al.,! 2007;! LopezBFanarraga! et( al.,! 2007).! This! allows! for! a!tight! regulation! of! free! tubulin! dimers,! microtubule! polymerisation,! catastrophe!and!therefore!general!stability.!!
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Figure! 1.5.! Schematic! of! the! current! understanding! of! the! tubulin! folding,! assembly! and!disassembly!pathway!in!yeast!and!mammals!(Tian!et(al.,!1997;!Bhamidipati!et(al.,!2000;!Szymanski,!2002;!Grynberg!et(al.,!2003;!Kortazar!et(al.,!2007;!Fanarraga!et(al.,!2009;!Lundin!et(al.,!2010).!!QuasiBfolded!tubulin!monomers!indicated!with!squares,!completely!folded!with!circles.!!
(1.4.2.(Tubulin(binding(cofactor(B((TBC*B)(As! shown! in! Figure! 1.5,! αBtubulin! is! passed! to! TBCBB! after! folding! in! the!CCT.!TBCBB!consists!of!two!domains,!an!ubiquitinBlike!(Ubl)!domain!and!a!CAPBGly!domain!joined!by!a!linker!(Fanarraga!et(al.,!2009).!The!Ubl!domain!dimerises!with!the!chaperone!TBCBE!and!may!also!interact!with!the!αBtubulin!(Lytle,!2004).!!!1.4.3(The(CAP*Gly(domain(CAPBGly! domains! are! an! important! protein!module! in! eukaryotes! for! the!recognition! and! binding! of! microtubules.! They! are! involved! in! microtubule!
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!organization! and! dynamics! as! well! as! having! roles! in! cellular! functions,!distribution!of!organelles!and!intracellular!signalling!(Weisbrich!et(al.,!2007).!They!are! often! found! as! singular! or! multiple! copies! in! multidomain! proteins! such! as!centrosomeBassociated! protein! 350 CAP350),! kinesins! such! as! KIF13B,! familial!cylindromatosis! tumour! suppressor CYLP,! CLIPs,! dynactin! and! cofactors! TBCBE!and!B!(Weisbrich!et(al.,!2007).!!Highly! conserved!glycine! and!hydrophobic! residues! characterize! the!CAPBGly!domain.!They!have!a!highly!conserved!GKNDG!sequence!within!the!β7Bβ8!loop(that! borders! a! cluster! of! conserved! aromatic! residues,!which! form! the! floor! of! a!solvent!exposed!hydrophobic!groove.!The!CBterminal!tail!of!αBtubulin!is!recognized!by! CAPBGly! domains! not! only! by! its! complimentary! acidic! nature,! but! the! final!aromatic!residue,!which!can!either!be!a!phenylalanine!or!a!tyrosine!(Steinmetz!&!Akhmanova,! 2008).! The! asparagine! side! chain! in! the! GKNDG! sequence! interacts!with!the!αBcarboxylate!group!of!the!final!peptide!residue!(Janke!&!Bulinski,!2011).!Mutation! of! this! asparagine! to! an! alanine! ablates!mouse! p150n! CAPBGly! domain!binding!to!tubulin!(Weisbrich!et(al.,!2007).!!
1.5.!ADP!ribosylation!factorHlike!(ARLs)!ADPBribosylation! factorBlike! (ARLs)! proteins! are! small! GTPase! proteins!within!the!Ras!(rat!sarcoma)!gene!family!(Pasqualato!et(al.,!2002).!ARLs!share!40!to!60!%!sequence!identity!yet!they!are!a!heterogeneous!group!with!comparatively!little! known! about! their! biological! role! compared! to! their! namesakes’! ADPBribosylation! factors! (ARFs)! (Sahin! et( al.,! 2008b).! ARLs! do! not! appear! to! be! a!functionally!coherent!group!(Kahn!et(al.,!2005;!Sahin!et(al.,!2005).!They!are!defined!
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!by!their!sequence,!and!by!implication,!structural!similarity!to!ARFs.!However,!they!lack!ARF!functions;!specifically!they!do!not!act!as!cofactors!to!cholera!toxin,!do!not!compliment! the! lethal!arf*/arf2*! phenotype! in! Saccharomyces( cerevisiae,! and! are!incapable!of!activating!phospholipase!D!(Brown!et(al.,!1993;!Cockcroft!et(al.,!1994;!Price! et( al.,! 2005).! Instead! this! diverse! protein! family! is! involved! in! vesicular!trafficking!(Wei!et(al.,!2009)!and!endosome!lysosome!fusion!(Nakae!et(al.,!2010).!In!addition,! as! alluded! to! earlier! (Figure! 1.5),! members! of! this! family! are! also!implicated!in!tubulin!folding,!microtubule!dynamics!(Bhamidipati!et(al.,!2000),!and!linked!to!this!ciliogenisis!(Cantagrel!et(al.,!2008).!It!is!now!appreciated!that!the!naming!of!this!group!of!proteins!is!misleading!since! ADPBribosylation! does! not! appear! to! be! involved! in! the! function! of! these!enzymes!but!with!an!established!literature!to!consider,!it!has!been!proposed!that!the! acronyms! be! retained! (Kahn! et( al.,! 2006).! It! is! also! recognised! that! there!remains!a!large!degree!of!ignorance!about!the!function!of!these!proteins,!which!in!part!is!due!to!the!complexity!of!the!biological!processes!in!which!they!participate,!the! large! number! of! binding! partners! and! the! number! of! family!members,! 21! in!humans!(Kahn!et(al.,!2005).!!ARFs! and!ARLs! undergo! conformational! changes! upon!nucleotide! binding!and!this!can!regulate!the!protein’s!affinity!for!other!proteins,!lipids!or!membranes.!There! are! two! functional! regions,! called! switch! I! and! switch! II,! which! direct!contacts! with! guanineBactivating! proteins! (GAPs)! and! guanineBexchange! factors!(GEFs).! In! common!with! other! GTPases,! ARLs! also! possess! a! phosphateBbinding!segment! (PBloop),! which! interacts! with! nucleotide! phosphates.! However,! ARLs!differ! from!other!Ras! family!members! in! that! they! display! an! interswitch! toggle!
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!effect,! whereby! upon! GTP! binding! the! interswitch! region! (residues! positioned!between!switch!I!and!II)!undergoes!a!conformational!change!which!displaces!the!amino! terminal! αBhelix! into! a! position! able! to! interact! with! membranes!(Pasqualato!et(al.,!2002).!!!1.5.1.(Leishmania(major(ADP*ribosylation(like(1!
L.( donovani(ARL1! (LdARL1),!which! shares!98!%!sequence! identity!with!L.(
major!ARL1!(LmARL1),!has!been!characterised!biochemically!(Sahin!et(al.,!2008a;!2008b).!Myristoylation!on!a!conserved!glycine!(Gly2)! in!the!N!terminal!αBhelix! is!necessary!for!this!protein!to!be!localised!to!the!kinetoplast!and!the!flagellar!pocket!
trans! Golgi! network! (TGN).! It! is! here! that! the! protein! probably! fulfils! a! role! in!intracellular!trafficking.!Mutations!in!LdARL1!cause!defects!in!the!flagellar!pocket!and! inhibition! of! trafficking! to! acidocalcisomes! and! lysosomes! (Sahin! et( al.,!2008b).!Mutational!changes!to!the!GTPBbinding!site!revealed!that!ligand!binding!is!also! required! for! correct! localisation,! as! the! apo! structure! is! retained! in! the!cytoplasm! (Sahin! et( al.,! 2008a;! 2008b).! This! information! supports! the! need! for!myrisotylation!in!addition!to!functioning!interswitch!toggle!to!allow!for!membrane!binding.!ARL1!is!conserved!and!essential!amongst!the!trypanosomatids!(Sahin!et(al.,!2008b).! However,! the! expression! varies! between! species,! and! this! may! reflect!physiological! differences! between! these! protozoan! parasites.! In! T.( brucei,! ARL1!RNAi! knockdown! is! phenotypically! lethal! but! its! expression! is! limited! to! the!bloodstream! form!which!undergoes!extensive!endocytosis! (Price!et(al.,! 2005).! In!contrast,!the!L.(donovani(ARL1!is!expressed!in!both!insect!and!mammalian!forms.!!
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1.5.2(Trypanosoma(brucei(ADP*ribosylation(like(3A(
TbARL3A!(Tb927.3.3450)!is!an!ARL!that!is!involved!in!flagellum!biogenesis;!RNAi!knock!down!of!this!protein!results!in!flagellar!shortening!(Sahin!et(al.,!2004).!The!expression!of!GTPase!deficient!ARL3A!homologues!in!L.(major,(L.(donovani!L.(
amazonensis(and!Crithidia( fasciculata! result! in! flagella!shortening!(Cuvillier!et(al.,!2000;! Sahin!et( al.,! 2004;!2008a).!This! indicates! that! the!GTPase! activity!of! these!enzymes!is!important!for!their!function.!The!closest!human!homologues!to!TbARL3A!are!ARL2!and!3!(58!and!52!%!identity)!and!also!are!linked!to!microtubules.!ARL2!downregulates!the!tubulin!GAP!activities!of!TBC!C,!D!and!E!(Bhamidipati!et(al.,!2000)!whilst!ARL3!binds!RP2,!and!is!localised!on!microtubule!structures!within!photoreceptors!!(Kühnel!et(al.,!2006).!In! addition,! ARL3! has! recently! been! implicated! in! the! transport! and! docking! of!vesicles! from! the!Golgi! to! the! cilia! (Evans!et( al.,! 2010).! ! Perhaps!TbARL3A!has! a!function! similar! to! human! ARL2! or! 3! which! when! perturbed! causes! problems!within!flagellar!microtubules.!
!
1.6.!Areas!of!study!This!thesis!will!focus!on!the!structural!and!function!studies!of!proteins!that!fold,!manipulate!and!process!microtubules.!The!specific!projects!investigated!were!tubulin! binding! cofactors,! posttranslational! modifying! enzymes! and! ADP!ribosylation!factorBlike!proteins.!No!structure!of!any!protist!or!a!full!length!TBCBB!was!known!(Li!et(al.,!2002;!Lytle,!2004).!Therefore!a!crystallographic! investigation!of!TbTBCBB!was! initiated.!Initial!characterisation!of!T.(brucei!TBCBB!binding! to!other!TBCs!and!tubulin!was!
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!also!undertaken.!! Several! enzymes! involved! in! the! post! translational! modification! of! tubulin!were! investigated,! two! of! these! projects! will! be! discussed:! T.( brucei! HDAC4,!identified! as! a! putative! tubulin! deacetylase,! and! TTLs.! Although! other! HDAC!proteins!have!been!crystallised!(Finnin!et(al.,!1999;!Somoza!et(al.,!2004;!Bottomley!
et( al.,! 2008;! Dowling! et( al.,! 2008;! Schuetz! et( al.,! 2008),! currently! there! are! no!structures!of!a!tubulin!deacetylase,!or!any!deacetylases!from!protists.!In!addition,!at!the!initiation!of!the!project,!no!structures!of!any!members!of!the!TTL!family!had!been! obtained.! Studies! of! the! TTL! family! began!within! the! trypanosomatids! but!due!to!the!difficult!nature!of!obtaining!material,!expanded!to!include!other!species.!!Finally,! ADP! ribosylation! factorBlike! proteins! were! investigated.! Although!crystal! structures! of! human! and! yeast! ARLs! have! been! determined! (Amor! et( al.,!1994;!Hillig!et( al.,! 2000;!Amor!et( al.,! 2001;!Wu!et( al.,! 2004),! no! structure!of! any!protist! ARL! has! yet! been! reported.! Therefore! crystallographic! investigations! of!trypanosomatid! ARLs! were! commenced! and! an! initial! classification! of! these!proteins!in!L.(major(was(attempted.!!
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2.!METHODS!
2.1.!General!Methods!2.1.1.(Reagents(Chemicals!were! purchased! from! Sigma8Aldrich,! Fluka! or! BDH! Chemicals.!Endonucleases!were!purchased!from!New!England!Biolabs,!and!reagents!for!PCR!are!from!Promega.!!!
Escherichia( coli! strains! XL81! Blue,! XL810! Gold,! TOP10! (Invitrogen)! and!NovaBlue! (Novagen)! were! used! for! routine! manipulation;! strains! BL21! (DE3)!Gold,!BL21!Gold,!BL21!(DE3)!codon!plus!RIL,!C43!(DE3)!(Stratagene)!were!used!for!protein!production.!Culture!media!and!agar!plates!were!provided!by!the!media!kitchen!facility,!University!of!Dundee.!Primers!were!supplied!by!ThermoScientific.!Peptides!for!co8crystallisation!and!assays!were!obtained!from!ThermoScientific!and!GenScript!purified!to!>95!%.!
(2.1.2.(Cloning(
Pfu! polymerase! ! (Promega)! was! used! for! amplification! from! genomic!libraries! except! in! recalcitrant! cases! where! Gotaq! green!master!mix! (Promega)!was!employed.!!The!polymerase!chain!reaction!(PCR)!products!from!genomic!sources!were!ligated! into! pCR2.18TOPO! using! the! TOPO®! TA! Cloning®! Kit! (Invitrogen)! before!restriction!cloning!into!expression!vectors.!
(
(
(
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!2.1.3.(Gene(synthesis(Where!cDNA!or!genomic!DNA!were!not!available!genes!were!ordered!from!GenScript,!with! codon!optimization! to! avoid! rare! codon! combinations! in! chosen!expression! systems! and! unfavourable! for! expression! mRNA! structures! and! cis!elements!removed.!Genes!were!obtained!in!a!pUC!vector!with!restriction!sites!in!place!for!downstream!cloning.!Under! circumstances! where! restriction! enzyme! sequences! required! for!downstream!cloning!were!present!in!the!gene!of!interest!and!gene!synthesis!was!not!employed,!ligation!independent!cloning!was!used.!Primers!were!designed!with!15! base! pair! overhang! homologous! to! the! ligation8flanking! region! in! the!destination!vector,!as!per!manufacturer’s!instructions!(GenScript).!
(2.1.4.(Sequence(analysis(DNA!sequencing!was!performed!by!DNA!Sequencing!&!Services!(MRCPPU,!College!of!Life!Sciences,!University!of!Dundee,!Scotland,!www.dnaseq.co.uk)!using!Applied! Biosystems! Big8Dye! Version! 3.1! chemistry! on! an! Applied! Biosystems!model!3730!automated!capillary!DNA!sequencer.!!!2.1.5.(Bioinformatics(EnzymeX!(©!2006!Mek&Tosj)!was!used!in!construct!design!and!restriction!site! selection.! All! sequences! were! compared! to! database! sequences! from! the!National! Centre! of! Biotechnology! Information! (NCBI)! database! (Galperin! &!Fernández8Suárez,! 2012)! and,! in! the! case! of! trypanosomatid! sequences,! the!TriTryp! database! (Aslett! et( al.,! 2010).! Sequences! were! aligned! with! ClustalW!
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!(Thompson!et(al.,!1994)!and!Muscle!(Edgar,!2004)!and!edited!using!ALINE!(Bond!&! Schuttelkopf,! 2009).! Protein! domains! and! families! were! identified! using! the!Pfam!database!(Finn!et(al.,!2010).(Construct! parameters! and! homologue! choices! were! decided! upon! after!bioinformatic!analysis.!This! typically! included!Globplot! (Linding!et(al.,! 2003)! for!identification! of! possible! globular! domains! and! disorder! analysis,! PHYRE! and!latterly! PHYRE2! (Kelley! &! Sternberg,! 2009)! for! secondary! structure! prediction!and! threading.! XtalPred! (Slabinski! et( al.,! 2007)!was! used! to! aid! choice! of!more!probable! crystallisable! constructs.! Expasy! protparam! (Wilkins! et( al.,! 1999)!was!used!to!calculate!molecular!weights,!extinction!coefficients!and!isoelectric!points!to! instruct! purification! procedures.! ! Homologous! proteins!were! identified! using!BLASTP! ! (NCBI)! and! UniProt! (UniProt! Consortium,! 2011).! Domains! were!identified! and! named! using! the! conserved! domain! database! (CDD)! (Marchler8Bauer!et(al.,!2011).!
(2.1.6.(Gel(filtration(column(calibration(Gel! filtration! columns! were! calibrated! with! molecular! weight! standards,!blue!dextran!(>!2,000!kDa),!thyroglobulin!(669!kDa),!ferritin!(440!kDa),!aldolase!(158!kDa),! conalbumin!(75!kDa),!ovalbumin! (43!kDa),! carbonic!anhydrase! (29.5!kDa),!ribonuclease!A!(13.7!kDa)!and!aprotinin!(6.5!kDa);!(GE!Healthcare;!data!not!shown).!!
 !
Chapter(2(*(Methods!
 
! !
!
28!
!
2.2.!ADP!ribosylation!factor>likes!(ARL1s)!2.2.1.( Leishmania( major( ADP! ribosylation! factor8like! 1( (LmARL1)! cloning,(
expression(and(purification((! !The! gene! LmjF17.0070! was! amplified! from! L.( major! genomic! DNA! with!primers! catatgGGTGCGTGGCT! and! ctcgagCTAAGCGCCGA.! Small! letters! indicate!restriction! sites! used! for! the! enzymes! Nde1! and! Xho1! respectively.! The! final!construct!was!a!pET15b8derived!plasmid!(Novagen)!modified!to!include!a!tobacco!etch! virus! (TEV)! protease! cleavage! site.! Recombinant! gene! expression! was!achieved! with! E.( coli! BL218CodonPlus! (DE3)! RIL! cells! (Stratagene)! in!autoinduction!medium!(Studier,!2005)!containing!50!µg!mL81!ampicillin!and!12!µg!mL81! chloramphenicol.! Cells! were! grown! for! 24! hours! at! room! temperature,!harvested!by!centrifugation!(3,500!x!g,!30!min,!4!°C)!and!lysed!with!a!French!press!in!buffer!A!(20!mM!Tris8HCl,!pH!8.0,!150!mM!NaCl,!5!mM!MgCl2,!1!µM!GDP).!Cell!debris!was! removed!by! centrifugation!at!35,000!x!g! (30!min,!4! °C).!The!protein!was!purified!using!nickel!affinity!chromatography!on!a!5!ml!HisTrap!column!(GE!Healthcare)!using!an!imidazole!gradient.!This!was!followed!by!dialysis!into!buffer!A!then!proteolytic!cleavage!of!the!histidine!tag!with!0.5!mg!TEV!protease!per!20!mg!LmARL1! (4! ˚C,! 16!hrs).! !The!TEV!protease! carries! a!histidine! tag! and! so! the!application!of! the!sample! to!another!HisTrap!column!removed!the!protease,!any!uncleaved!LmARL1! and! the! histidine! tag! itself! from! the! cleaved! product,!which!passed! through! the! column.! Size! exclusion! chromatography! on! a! Superdex! 200!26/60!column!provided!the!final!stage!in!purification.!Two!peaks!were!collected,!the!high!degree!of!purity!of!each,!>95!%,!confirmed!by!sodium!dodecyl!sulphate!polyacrylamide! gel! electrophoresis! (SDS! PAGE)! and! matrix8assisted! laser!
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!desorption/ionization! mass! spectrometry! time8of8flight! (MALDI8TOF)!(Proteomics!Facility,!College!of!Life!Sciences,!University!of!Dundee).!
(2.2.2.(Crystallisation((The!purified!samples!were!spin!concentrated!(Millipore)!to!5!mg!mL81!in!20!mM!Tris8HCl! pH!8.0,! 150!mM!NaCl,! 5!mM!MgCl2,! 1!µM!GDP! and! used! to! set! up!crystallization! trials! using! the! sitting! drop! vapour! diffusion! method! at!approximately!22!˚C.!A!series!of!commercially!available!screens!were!used!for!this!purpose!and!two!conditions!produced!crystals!(Figure!2.1).!One!set!of!promising!conditions!was!optimized!and!crystals!grew,!in!the!form!of!cubes!with!maximum!dimension! 0.1! mm,! after! 5! days! in! hanging! drops! of! 0.75! µL! protein! solution!mixed! with! 0.75! µL! of! the! reservoir,! 75! mM! calcium! acetate! and! 17! %!polyethylene!glycol!(PEG!)!3350.!
!
Figure!2.1.!!Initial!crystal!hits!of!LmARL1.!!
 !
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!Distance!250!mm,!ΔΦ!0.5°,!0°!and!180°,!Diffraction!approx.!2.5Å,!10!mins!exposure!Collected!230!images!!
!ΔΦ!0.5°,!315°!and!405°,!Diffraction!2.1!Å,!0.5!sec!exposure!Collected!360!images!!!
Figure!2.2.!Representative!diffraction!patterns!of!LmArl1.!Top! images,! in8house;!bottom!images,!!ERSFBeamline!1D29.!
(2.2.3.(X*ray(data(collection(and(structure(determination(Crystals!were!cooled!to!8180!˚C!in!a!stream!of!nitrogen!gas!using!35!%!PEG!3350! as! a! cryoprotectant! and! first! characterized! in8house! using! a! Micromax!HF007!copper!rotating!anode!X8ray!generator!with!a!Raxis!IV++!dual! image!plate!detector.! Medium! resolution! data! (2.1! Å)! were! subsequently! collected! on!beamline! ID29! with! an! ADSC! Q315R! detector! at! the! European! synchrotron!radiation!facility!(λ!=!0.98137!Å).!
 !
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!Data! were! processed! and! scaled! using! XDS! (Kabsch,! 2010)! and! CCP4!software! (Collaborative! Computational! Project! Number! 4,! 1994).! Molecular!replacement! was! carried! out! using! PHASER! (McCoy! et( al.,! 2007).! The! search!model,!with!a!percentage! identity!of!55!%,!was!a!molecule!of!S.( cerevisiae(ARL1!(ScARL1,!protein!databank!(PDB)!code!1MOZ!(Amor!et(al.,!2001))!converted!to!a!poly8Ala!model! using! CHAINSAW! (Stein,! 2008).! The! positions! of! two!molecules!were!identified!that,!after!rigid!body!refinement,!gave!an!R!factor!of!49.7!%!to!2.1!Å! resolution.! Several! rounds! of! model! manipulation,! electron! and! difference!density!map!inspection,!the!incorporation!of!several!dual!rotamers,!the!addition!of!water! and! ligands! was! performed! in! COOT! (Emsley! &! Cowtan,! 2004)! with!maximum8likelihood! restrained! reﬁnement! calculations! carried! out! in! REFMAC!(Murshudov!et(al.,!1997).!Residues!49!to!54!and!74!to!82!in!chain!B!have!not!been!included! in! the! model! due! to! poorly! defined! electron! density.! Non8crystallographic! symmetry! restraints! were! not! utilized! in! the! refinement.! The!geometric! quality! of! the! model! was! assessed! using! MOLPROBITY! (Davis! et( al.,!2007).! The! coordinates! and! structure! factors! deposited! with! the! PDB! with!accession!code!2X77.!!
(2.2.4.(Expression(of(T.(brucie(ADP(Ribosylation(Factor*like(3A((TbARL3A)(The!gene(Tb927.3.3450!was!amplified!form!T.(brucei((Strain!927)!genomic!DNA! using! the! primers! catatgTGCCATCTCTGCCTCAAGA! and!ggatccAATACTTCTGCTTCTTCGTGACCT,! small! letters! indicate! restriction! sites!used! for! the! enzymes! Nde1! and! Xho1! respectively.! ! The! same! plasmid! and!
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!expression! protocol! and! purification! techniques! were! used! for! this! gene! as! for!
LmARL1.((The!purified!samples!were!spin!concentrated!(Millipore)!to!5!mg!mL81!and!10!5!mg!mL81!in!20!mM!Tris8HCl!pH!8.0,!150!mM!NaCl,!5!mM!MgCl2,!1!µM!GDP!and!used!to!set!up!crystallization!trials!using!the!sitting!drop!vapour!diffusion!method!at!approximately!22!˚C.!A!series!of!commercially!available!screens!were!used!for!this!purpose.!Two!sets!of!promising!conditions!contained!crystals,!one!in!the!form!of! rods! with! maximum! dimension! 155! x! 15! μm,! after! 3! days! in! the! Classics!(Qiagen)! screen! condition!H5! (30!%!PEG! 4k,! 0.2!mM!Li2SO4,! 0.1!M!Tris8HCl! pH!8.5),! and! another! condition! grew! whispy! hair8like! crystals! in! JCSG+! screen!(Molecular!Dimensions)!condition!H11!(25!%!PEG!3350,!0.2!mM!MgCl2,!0.1!M!Bis!Tris8HCl!pH!5.5).!Numerous!attempts!were!made!to!improve!the!diffraction!quality!of!these!crystals,!the!range!of!conditions!tried!are!detailed!in!Table!2.!!!
Table!2.1.!TbARL3!crystal!optimisation!screen!variables!Condition! Variations!pH! 5.5,!6,!6.8,!7.5,!8,!8.5!PEG!concentration!(%)! 20!to!36!PEG!MW! 4000,!3500!Li2SO4,!MgSO4!(mM)! 0.1,!0.15,!0.2,!0.3!Protein!concentration!(mg!mL81))! 3,!5!and!8!!
 !
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!Crystals!were!cooled!to!8173!˚C!in!a!stream!of!nitrogen!gas,!35!%!PEG!3350!or!PEG!4K!(to!match!the!crystal!condition!PEG)!was!used!as!a!cryoprotectant.!The!crystals! were! characterised! in8house! using! a! Micromax! HF007! copper! rotating!anode! X8ray! generator! with! a! Raxis! IV++! dual! image! plate! detector.! However!maximum! diffraction! achieved! was! 7! Å.! Room! temperature! diffraction!experiments!without!cryoprotectant,!using!the!same!X8ray!generator!and!detector,!were!also!performed,!however!these!did!not!improve!diffraction!resolution!range.!!2.2.5.(Classification(of(trypanosomatids(ARF/ARL(proteins.(All!L.(major!and!T.(brucei!proteins! labelled!as!proven!or!putative!ARFs!or!ARLs! in! GeneDB! (Hertz8Fowler! et( al.,! 2004)! ! were! identified;! twelve! in! both!organisms,! although! in! the! case! of! two!T.( brucei! proteins! there! is! only! a! single!conservative!amino!acid!change,!valine!to!alanine.!Each!sequence!was!subjected!to!a! BLAST! search! against! the! human! genomic! database! since! this! links! to! a!significant! body! of! functional! data! on! this! protein! family! and! a! standardized!naming!convention!is!available!(Kahn!et(al.,!2006).!The! program! MRBAYES! (Ronquist! and! Huelsenbeck,! 2003)! was! used! to!determine! probability! of! node! partition! using! a! fixed! rate! Poisson! amino! acid!model! and! assuming! that! rates! vary! over! sites! according! to! γ! distribution;! a!molecular!clock!was!not!enforced.!Convergence!was!reached!with!a!potential!scale!reduction!factor!value!of!1!after!120,000!generations.!The!diagram!was!prepared!with! PHYLIP’s! drawtree! program! (Felsenstein,! 2002)! ! and! Adobe! illustrator!(©2003!Adobe!Systems!Incorporated).!!!
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!
2.3.#Trypanosoma#brucei!tubulin>binding!cofactor!B!(TbTBC>B)!2.3.1.(X*ray(data(collection(and(structure(determination(Crystals!of! the!C8terminus!of!TbTBC8B! (residues!1538232)!were!obtained!by! Dr.! Rachel! Morgan.! The! full! length! protein! was! expressed! purified! and!crystallised,! however! these! crystals! did! not! diffract.! Partial! proteolysis! with!chymotrypsin! produced! crystals! of! the! N8terminal! fragment! of! the! protein!corresponding!to!the!Ubl!domain.!The!C8terminal!construct!was!crystallised!after!scouting!for!a!polypeptide!residue!range!that!crystallised!and!diffracted,!detailed!in!section!2.3.2!below.!!The!crystals!of! the!C8terminus!were!rod8like! in!shape!(with!dimensions!1!mm!x!0.05!mm!x!0.05!mm)!and!were!obtained!with!reservoir!conditions!of!0.2!M!potassium! formate,! 30!%! PEG! 3350! and! protein! ! solution! consisting! of! 50!mM!Tris8HCl! pH! 7.5,! 250! mM! NaBr! with! the! protein( at! 7.5! mg! mL81.! Crystals! were!transferred! to! a! solution! containing! a!mixture! of! their! reservoir! and! 40!%! PEG!400,! for! approximately! 15! seconds! before! being! cooled! to! 8173! °C! in! liquid!nitrogen.! The! crystals! were! initially! characterized! in8house! using! a! Micromax!HF007!copper8rotating!anode!X8ray!generator!with!a!Raxis!IV++!dual! image!plate!detector.! ! Several!were! subjected! to!high! concentration! (10!mM)!short!duration!(seconds)!heavy!metal!soaks!with!lead!acetate,!potassium8tetrachloroplatinate!(II)!or! p8chloromercuribenzoic! acid.! In! addition! crystals! were! soaked! quickly! in! a!saturated!solution!of!58Amino82,4,68triiodoisophthalic!acid!(I3C).!This!compound!has! three!covalently!bound! iodines! form!an!equilateral! “magic”! triangle! that!can!be! used! for! phasing.! Samples! were! then! taken! to! the! Diamond! light! source!beamline!I02!for!diffraction!experiments.!No!heavy!metal!sites!were!identified!in!
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!any!crystals!that!were!not!damaged!by!the!soaking!process.!For!many!crystals!the!process!negatively!affected!diffraction!quality.!Data!were!scaled!and!processed!using!iMOSFLM!(Battye!et(al.,!2011)!and!CCP4!software!(Collaborative!Computational!Project!Number!4,!1994).!Molecular!replacement! was! carried! out! using! PHASER! (McCoy! et( al.,! 2007).! The! search!model!was!a!nuclear!magnetic!resonance!(NMR)!structure!of!Mus(musculus!CAP8Gly! domain! of! TBC8B! by! (PDB! code,! 1WHG)! with! an! identity! of! 53! %,! it! was!identified!with!the!PHYRE!server!(Kelley!&!Sternberg,!2009).!It!was!converted!to!a!poly8Ala!model,! from!the!multiple!NMR!solutions!using!CHAINSAW!(Stein,!2008)!before!use.!The!positions!of! two!molecules!were! identified! that,! after! rigid!body!refinement,!gave!an!initial!R!factor!of!49!%!to!1.6!Å!resolution.!Several!rounds!of!model! manipulation,! electron! and! difference! density! map! inspection,! the!incorporation! of! several! dual! rotamers,! the! addition! of! water! and! ligands! was!performed! in! COOT! (Emsley! &! Cowtan,! 2004)! with! maximum8likelihood!restrained! reﬁnement! calculations! carried! out! in! REFMAC! (Murshudov! et( al.,!1997).! The! geometric! quality! of! the! model! was! assessed! using! MOLPROBITY!(Davis!et(al.,!2007).!!!2.3.2.(Attempts(to(extend(the(coverage(of(secondary(structure(information(The! polypeptides! with! the! residue! ranges! detailed! in! Table! 2.2! and! 2.3!were!expressed!and!purified!as!follows:!expression!was!achieved!with!E.(coli!BL21!(DE3)! pLysS! cells! (Stratagene)! in! autoinduction! medium! (Studier,! 2005)!containing!50!µg!mL81!ampicillin.!Cells!were!grown!and!harvested!as!described!in!
 !
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!section!2.2.1.!The!purification!procedure!was!also!as!described!previously!except!buffer!A!was!50!mM!Tris8HCl!pH!7.5,!250!mM!NaCl.!!!
Table!2.2.!Extended!T.#brucei#C>terminal!domain!constructs!Residue!range! Forward!primer!(5’!to!3’)! Reverse!primer!(5’!to!3’)! Outcome!1018232! catatgATAAGTGAAGAGGCGTACAGCAA! ctcgagTTAAAACACCTCCGGGGGAAAGTC! Trials8!no!crystals!1138232! catatgGCTAGGGCTTTTCGCCAG! ctcgagTTAAAACACCTCCGGGGGAAAGTC! Trials8!no!crystals!1438!232! catatgCTCGATGATGACAGTTACAAGGAA! ctcgagTTAAAACACCTCCGGGGGAAAGTC! Precipitated!
!
!Table!2.3.!L.#major!TBC>B!C>terminal!domain!constructs!Residue!range! Forward!primer!(5’!to!3’)! Reverse!primer!(5’!to!3’)! Outcome!1018232! catatgATGACGGACGAGGAGTGG! ctcgagTCAGTATTCTTGAGGAGGAAAGTCA! Precipitated!1418232! catatgCTCCGCGCCTACAAGGAG! ctcgagTCAGTATTCTTGAGGAGGAAAGTCA! Trials8!no!crystals!1548232! catatgGCGGACAGGATAAGGGTG! ctcgagTCAGTATTCTTGAGGAGGAAAGTCA! Precipitated!!Not! all! polypeptides! remained! soluble! during! purification,! precipitating!when!eluted!from!the!first!column!or!during!TEV!cleavage;!this!is!noted!in!Tables!2.2! and!2.3.!Those! that!did! remain! soluble! following!purification!were! set!up! in!crystallisation!screens!at!7!and!3.5!mg!mL81.!!Peptides!P6,!P7!and!P9!(>98!%!pure)!(Table! 2.4)! were! added! to! each! soluble! polypeptide! and! the! original! 1538232!residue! range! polypeptide! and! incubated! for! 30! min! at! 10! times! the! molar!concentration!of!the!protein!before!trays!were!set!up.!!!
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!Residue!ranges!of!T.(brucei!TBC8B,!918232,!1288226!and!1568223!were!also!cloned,!expressed,!purified!and!used!in!crystallisation!experiments!by!Dr.!Rachel!Morgan.!
Table!2.4.!Peptides!used!for!cocrystallisation!and!ITC!experiments!!Name! Sequence!!P3! EEY!P4! VEEY!P6! EDVEEY!P7! EEDVEEY!P9! DGEEDVEEY!! Peptides!were!dissolved!in!the!minimum!amount!of!TBS!A!(50!mM!Tris8HCl!pH! 7.5,! 250! mM! NaCl)! buffer! necessary! to! solubilise! them! then! diluted! to! the!appropriate! concentration! just! before! use.! Dissolved! peptides! were! kept! on! ice!and!not!subjected!to!freeze!thaw!cycles!in!order!to!prevent!degradation.!
(2.3.3.(Additive(screen((Whispy!needle8like!crystals!were!obtained!from!the!original!construct!1538232! in! 0.2! M! potassium! formate,! 30! %! PEG! 3350! following! incubation! with!peptides! P6,! P7! or! P9! (Table! 2.6)! before! setting! up! trays.! Crystals! with! the!shortest! peptide! added! showed! slightly! better! morphology! but! they! were! not!suitable! for! diffraction! experiments.! In! an! attempt! to! produce! crystals! large!enough!and!of!high!enough!quality!for!diffraction!experiments!an!additive!screen!(Hampton)!was!used!with!no!hits!identified.!!!
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!2.3.4.(Isothermal(titration(calorimetry((ITC)(ITC! experiments! were! performed! at! 25! °C! with! a! VP8ITC! calorimeter!(MicroCal!Inc.,!Northampton,!MA).!The!1.4!ml!sample!cell!and!300!μl!syringe!were!filled! with! TBC8B! Cap8Gly! domain! and! peptide! P6,! which! were! purified! and!dissolved! in! buffer!A! (50!mM!Tris8HCl! pH!7.5,! 250!mM!NaCl).! Typically,! 8! μl! of!peptide! was! injected! from! the! stirred! syringe! (305! rpm)! thirty! times! into! the!sample!cell.!No!binding!events!were!observed.!!!
Table!2.5.!Conditions!for!ITC!experiments!
Experiment 
number 
TBC-B Cap-Gly 
concentration (µM) 
Concentration of peptide (µM) 
1 1 10 
2 10 100 
3 7 1000  
4 44.8  500  !2.3.5.!Identifying(conserved(residues(of(the(TbTBC*B((domains!Conserved! residues!within! the!TbTBC8B! CAP8Gly! domain!were! identified!and! figures! produced! with! CONSURF! (Ashkenazy! et( al.,! 2010).! The! UniProt!reference!cluster!90!(UNIREF90)!(Suzek!et(al.,!2007)!database!was!searched!and!sequences!aligned!with!MAFFT!(Katoh!et(al.,!2002).!Overall!642!sequences!were!identified! using! PSI! BLAST! (Altschul! et( al.,! 1997),! 417! of! them! were! unique!sequences.! The! top! 150! sequences! identified! as! those!with! the! lowest! E! values!were! then!used! for!conservation!comparison.!Attempts!were!made! to!utilise! the!same! methods! with! the! TbTBCB! Ubl! domain,! however! there! was! not! enough!
 !
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!homologues!with! identities! of! >30!%! identified.! This! prevented! CONSURF! from!generating! a! solution.! Instead! conserved! residues! were! determined! by! using!BLAST!!(Altschul!et(al.,!1997)!and!manual!editing!to!search!and!identify!the!top!30!non8degenerate! homologues! of! the! TbTBC8B! Ubl! domain.! These! were! aligned!using!MUSCLE!(Edgar,!2004)!and!conservation!annotated!as!residues!with!>80!%!conservation.!!
2.4.#Sus#scrofa#tubulin!tyrosine!ligase!(SsTTL)!2.4.1.(Cloning(expression(and(purification#The! Sus( scrofa! gene,! Genbank! accession! X68453,! was! codon! and! mRNA!optimized!by!Genscript!and! inserted! into!pGEX6P!vector!(GE! life!sciences)!using!
BamH1! and!Xho1! restriction! sites.! Recombinant! glutathione! S8transferase (GST)!fusion! gene! expression! was! achieved! with! BL218Gold! cells! (Stratagene)! in!autoinduction! medium! (Studier,! 2005)! containing! 50! µg! mL81! ampicillin.! Cells!were!grown!for!48!hours!at!22!°C!in!a!3.6!l!fermenter.!The!cells!were!harvested!by!centrifugation!(3,500!x!g,!30!min,!4!°C)!and!lysed!with!a!French!press!(1000!psi)!in!the! presence! of!DNAse! (0.2!mg)! and! three! protease! inhibitor! tablets! (Roche)! in!buffer! A! (50!mM! Tris8HCl,! pH! 7.5,! 150!mM! NaCl).! Cell! debris! was! removed! by!centrifugation!at!35,000!x!g!(30!min,!4!°C).!The!protein!was!purified!using! glutathione! sepharose!beads.! PreScission!protease!was!used!to!cleave!the!GST!tag!off!(16!hrs,!4!°C).!The!eluant!was!further!purified!and!characterized!via!size!exclusion!chromatography!on!a!Superdex!200!26/60! column.! The! protein! eluted! as! a!monomer! with! a! high! degree! of! purity,!confirmed!by!SDS!PAGE!and!MALDI8TOF.!
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!2.4.2.(Differential(scanning(fluorimetry((DSF)(Protein!was!diluted!in!buffer!(50!mM!Tris8HCl!pH!7.5,!150!mM!NaCl)!to!4!μM!and!a!1000!times!dilution!of!SYPRO®!orange!(Invitrogen)!added.!40!μl!reaction!mix!was!then!added!to!each!well!of!a!968well! thin8wall!polypropylene!PCR!plate!(Thermo! scientific).! The! reaction! was! run! in! triplicate.! The! plates! were! sealed!with!adhesive!PCR!sealing!tape!(4titude)!and!heated!in!an!Mx3005P!(Stratagene)!from!25! to!95! °C! in! increments!of!1! °C!per!minute.!Fluorescence!changes! in! the!wells!of! the!plate!were!monitored!by!a!simultaneously!scanning!photomultiplier!tube.! The! wavelengths! for! excitation! and! emission! were! 492! and! 610! nm,!respectively.!Graphpad!prism!was!used! to! fit! a!non8linear! regression!Boltzmann!model!and!the!V50!exported!to!Excel!(©!2007!Microsoft!corporation)!for!analysis.!!!2.4.3.(Buffer(screen(Protein!concentrations!from!1!μM!to!10!μM!were!used!to!calibrate!for!the!most!appropriate! concentration! for!a! clear!melting! curve,!which!was! chosen! for!the! buffer! screen.! 30! μM! of! protein! with! 1000! dilution! of! SYPRO®! orange! dye!(Invitrogen)! was! added! to! 10! μM! of! different! buffers! and!melting! temperature!analysed! as! above! to! determine! if! any! additives! or! buffers! increased! thermal!stability.! This! protocol! was! also! modified! to! test! different! additives! such! as!potential!ligands!and!binding!partners.!
(2.4.4.(Crystallisation(experiments((Four!thousand!and!eight!hundred!separate!crystallisation!conditions!were!set!up.!These! included!commercial!screens!Classics,!AmSO4!PEGs,!MPD!(Qiagen),!
 !
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!PGA! and! JCSG+! (Molecular! Dimensions),! Tagged! and! untagged! protein,! limited!proteolysis!with!chymotrypsin!(10,000!and!100,000!dilutions),!and!the!addition!of!the! following! ligands:! ATP,! AMPPNP,! tyrosine,! iodo8tyrosine! with! and! without!peptides!DSVEGEGEEEGEE!and!EEY.!Protein!concentrations!used!were!10,!7.5!and!5!mg!mL81.! !No!hits!were!detected.!These! ligands!were!also! included! in! thermal!shift! assays! to! try! and! detect! whether! they! increased! the! protein’s! thermal!stability.!!
(2.4.5.(Alternative(residue(ranges(Two! alternative! C8terminally! truncated! constructs!were! cloned! using! the!same! forward!primer! ggatccCATGTATACCTTTGTGGT! and! the! additional! reverse!primers! ctcgagGGCACCATTGACTTCAATCAG! for! the! 18358! construct! and!ctcgagAACGCTCGCGATAGCAAT!for!the!shorter!18335!construct.!The!small! letters!indicated! restriction! sites! BamH1! and! Xho1,! respectively.! ! They! were! then!subcloned!into!a!pGEX86P!vector!(GE!LifeScicnes)!that!had!its!multiple!cloning!and!protease!cleavage!sequence!altered!to!be!compatible!with!pET15b8TEV,!known!as!pGEX8TEV.!They!were!expressed!tests!were!carried!out!using!the!same!protocol!as!the!full!length!SsTTL,!detailed!above.!!2.4.6.(Creation(of(pGEX*TEV(The! vector! pET15b8TEV! has! a! TEV! cleavage! site! followed! by! a! multiple!cloning!site!containing!three!restriction!sequences!of!Nde1,!Xho1!and!BamH1.!!The!commercial! pGEX86P! contains! Xho1! and! BamH1( restriction! sites! within! its!multiple!cloning!site!however!they!are!in!a!different!order.!Therefore!in!order!to!
 !
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!subclone! between! pET15b8TEV! and! pGEX86P! an! additional! PCR! needs! to! be!performed.!To!simplify!expression!trials!and!allow!for!a!simple!digest!then!ligation!from! pET15b8TEV! into! a! plasmid! coding! for! a! GST! fusion! system! a! commercial!pGEX86P!vector!was!altered!contain!a!compatible!multiple!cloning!site.!Briefly,! this! involved! synthesizing! (Genscript)! a! region! of! the! vector!corresponding!to!the!TEV!protease!sequence!and!multiple!cloning!site,!altered!to!be!compatible!with!the!pET15b8TEV!vector!and!a!5’!flanking!region!homologue!to!the!original!pGEX86P!vector.!This!was!inserted!between!the!unique!restriction!site!
Swa1!and(EcoR1within!the!pGEX86P!vector.!!
2.5.(Trypanosoma#brucei#tubulin!tyrosine!ligase!(TbTTL)(2.5.1.(Cloning(and(expression(of(TbTTL(The! T.( brucei! TTL! (Tb927.2.5250)! was! identified! from! the! TryTryp!database! (Aslett! et( al.,! 2010)! as! a! putative! TTL! sequence! with! the! highest!similarity! to! human!TTL! (35!%).! It!was! cloned! from! genomic!DNA! (strain! 927)!using! the! primers! ggatccATGAGTGAGTTCCCGTTGGT! and!ctcgagTCACGTGCTCCCGATAGG,! small! letters! indicated! restriction! sites! BamH1!and!Xho1,!respectively.!!It!was!then!subcloned!into!pGEX8TEV.!A! small! expression! test! was! carried! out! using! BL21! (DE3)! RIL! cells!(Stratagene)!in!500!ml!autoinduction!media!containing!50!µg!mL81!ampicillin!and!12! µg! mL81! chloramphenicol.! Cells! were! grown! and! harvested! as! described! in!section! 2.2.1.! However,! the! recombinant! fusion! protein!was! then! purified! using!glutathione!sepharose!beads!with!the!buffer!50!mM!Tris8HCl!pH!7.5,!150!mM!NaCl.!The! identity! of! proteins! bound! to! the! GST! beads! was! ascertained! by! bands! of!
 !
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!interest!being!cut!out!from!a!SDS!PAGE,!reductively!alkylated!and!tryptic!digested!before! undergoing! one! dimensional! nano8liquid! chromatography! coupled! to!electrospray! ionization! mass! spectrometry! (Proteomics! Facility,! College! of! Life!Sciences,!University!of!Dundee).#
#
2.6.# Trypanosoma# brucei# histone! deacetylase! 4# (TbHDAC4),! deacetylase!
domain!2.6.1.(Cloning(expression(and(purification(The! gene!Tb927.5.2900!was! amplified! from!T.( brucei! 927! genomic! DNA!and!cloned!into!a!TOPO!vector!by!Dr.!Thomas!Eadsforth.!This!was!then!subcloned!into!a!pET15b8TEV!plasmid.!Recombinant! gene! expression! was! achieved! using! the! same! cells! and!conditions! as! section! 2.4.5.! Cells! were! grown! and! harvested! as! described! in!section!2.2.1,! except! the!duration!of! cell! growth!was! increased! to!48!hours.!The!purification!procedure!was! also! as!described!previously! except!buffer!A!was!50!mM!Tris8HCl!pH!7.5,!150!mM!NaCl!or!50!mM!piperazine8N,N′8bis(28ethanesulfonic!acid)!(PIPES),!150!mM!NaCl!and!the!poly8histidine!tag!was!not!cleaved.!Degraded!bands!were! identified! though!tryptic!mass!spectrometry,!as!described! in!section!2.5.1.!
(2.6.2.(Constructs(A!truncated!gene!was!sub8cloned!from!the!initial!TbHDAC4!construct!using!primers! ctcgagATGAGTGACCTGTTTCTACCGGA! and!gatccTCACTTGATGATATTGGACTCCG.!Small! letters! indicate! restriction!sites!used!
 !
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!for!the!enzymes!Xho1!and!BamH1!respectively.!!This!covered!residues!1018587!of!the! TbHDAC4! protein.! Expression!was! achieved! using! the! same! protocol! as! the!initial!HDAC4!protein.!The!protein!was!purified!as!in!section!2.2.1!except!the!TEV!cleavage!of!the!tag!was!performed!at!room!temperature!for!3!hrs.!The!purification!procedure!was!completed!in!7!to!8!hours!and!where!possible!the!protein!was!kept!at!4!°C!in!order!to!minimise!proteolysis.!Modifications!were!made!to!the!standard!protocols!including!the!addition!of!dithiothreitol!at!a!concentration!of!5!mM!to!all!buffers!during!the!purification!of!both! constructs.! The! inhibitors! oxamflatin,! scriptaid,! and! MC81295! (Enzo! Life!Sciences)!were! added!during! purification! of! the! truncated! construct.! They!were!added!at!100!μM!after! the!dialysis! step!and!made!up! to!a! final! concentration!of!1mM!after!gel!filtration.!!Crystal!trials!were!preformed!with!1!mM!of!the!previous!inhibitors!and!also!in!the!presence!of!suberoylanilide!hydroxamic!acid!(SAHA)!or!trichostatin!A!(TSA).!!2.6.3.!!Edman(sequencing!The! full! length! HDAC4! protein!was! purified! as! described! (Section! 2.6.1).!The!sample!was!then!left!to!age!16!hrs!at!4°C.!It!was!then!run!on!a!SDS!PAGE!then!transferred!onto!polyvinylidene!fluoride!membrane!following!standard!trans!blot!turbo!protocols!(Biorad).!This!was!briefly!stained!(1!min)!with!Coomassie!R8250!!(0.1%!Coomassie!R8250,!50%!methanol,!1%!acetic!acid),!distained!(30%!ethanol,!3%!acetic!acid)!and! then!washed!excessively!with!ddH2O.!The!bands!of! interest!were!then!excised!and!submitted!for!Edman!sequencing!(David!Campbell).!!
 !
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3.!LEISHMANIA)MAJOR!ADP!RIBOSYLATION!FACTOR2LIKE!1!(ARL1)!
RESULTS!AND!DISCUSSION!
3.1.!Aims!Although!crystal!structures!of!human!and!yeast!ARLs!have!been!determined!(Amor! et( al.,! 1994;! Hillig! et( al.,! 2000;! Amor! et( al.,! 2001;! Wu! et( al.,! 2004),! no!structure! of! any! protist! ARL! has! yet! been! reported.! Therefore! crystallographic!investigations! of! trypanosomatid! ARLs!were! commenced.! The!main! aims! of! this!study!was!to!identify!ARLs!in!the!trypansomatids,!clone!these!genes!and!generate!
E.( coli! expression! systems! in! order! to! produce! material! amenable! for!crystallographic!study.!With!two!of!these!proteins,!LmARL1!and!TbARL3A!this!was!possible,!and!they!are!reported!here.!Finally,!this!structure!of!LmARL1!was!used!as!a!model!in!order!to!produce!an!initial!classification!of!this!protein!family.!!
3.2.!General!comments!An!E.( coli! expression! system! for! a! histidineKtagged!LmARL1!was! constructed!and!immobilised!metal!ion!affinity!chromatography!(IMAC)!was!used!as!the!first!step!in!purification.!HighKresolution!analytical!gel!filtration!was!used!in!the!final!stage!of!purification! and! indicated! that! two! species!were! present! (Figure! 3.1).! The! size! of!these!species!was! in!close!agreement!with! the! theoretical!masses!of!monomer!and!dimer,!20!kDa!and!40!kDa!respectively.!The!ratio!of!dimer!to!monomer!varied,!from!3:1! to!almost!1:1,! from!each!purification!batch.!This!variation!appeared! to!be! time!dependant!and!is!most!likely!due!to!disulphide!bond!formation,!a!feature!that!will!be!detailed!below.!The!dimer! is!sufficiently!stable! that! it!was!observed! in!MALDIKTOF!spectra.! The! peak! corresponding! to! the! dimer! was! collected,! with! a! best! yield! of!
 !
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!approximately!4!mg!LK1!of!bacterial!culture,!and!successfully!used!for!crystallization!trials.! The! peak! corresponding! to! the! monomer! was! also! collected! and! used! in!crystallization!trials!with!initially!no!hits.!Letting!this!sample!age!for!at!least!a!week!at! 4! ˚C! before! use! produced! crystals,! although! these! were! inferior! in! terms! of!diffraction!properties!(highly!mosaic!diffraction!and!to!lower!resolution)!compared!to!those!obtained!from!the!dimer!peak!and!therefore!were!not!used!further.!
!
Figure!3.1.!Gel!filtration!trace!of!LmARL1,!blue!line!represents!absorbance!at!UV!280!nm.!LmARL1!eluted! in! two! peaks,! one! the! approximate!weight! of! a! dimer! of! LmARL1! (P1)! and! the! other! the!approximate! weight! of! a! monomer! (P2).! Both! contain! pure! protein! as! shown! by! the! SDS! PAGE!analysis!(right).!
(
LmARL1! crystallises! in! the!monoclinic! space! group! P21! with! two!monomers!labelled!A!and!B!in!the!asymmetric!unit.!The!root!mean!square!deviation!(r.m.s.d.)!of!chain! A! on! B! is! 0.63! Å! for! 165! Cα! positions.! Given! that! there! were! no! restraints!imposed! on! nonKcrystallographic! symmetry! during! refinement! then! this! indicates!
 !
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!the!molecules!are!highly!similar!and!therefore!only!chain!A!will!be!discussed,!unless!otherwise!stated.!The!crystallographic!statistics!(Table!3.1)!indicate!that!the!analysis!has! produced! an! acceptable! medium! resolution! model.! Figure! 3.2! shows!representative!electron!density.!Ramachandran!outliers!are!Arg120A,!Cys83A,!which!is!involved!in!a!disulphide!bond!with!Cys83B,!and!Tyr84A.!!
! !
Figure! 3.2.! Representative! electron! density! (2FoKFc),! where! Fo! and! Fc! αcalc! are! the! observed! and!calculated!structure!factors,!respectively,!around!residue!Trp69!shown!in!dark!blue!chickenwire.!The!residues!are!represented!as!sticks!coloured!according!to!atom!type:!C!lilac,!N!blue!and!O!red.!The!map!is!contoured!at!1!σ.!
 !
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!
Table!!3.1.!LmARL1!crystal!statistics!
Space!group! P21 Unit!cell!dimensions!(Å)! a!=!35.3,!b!=!78.9,!c(=!!58.0,!β!=!93.1!o!Resolution!range!(Å)! 78.9!–!2.1!Completeness!(%)! 99.5!(99.1)a!
<I/σ(I)>,!mosaicity!(°)! 11.5!(2.4),!0.3!No.!reflections!measured!/!unique! 69671!/!18516!Redundancy! 3.8!(3.8)!Rmerge!(%)b! 6.8!(49)!Rwork(%)c,!Rfree!(%)d! 21.4,!28.6!Protein!residues!(chain!A!/!B)! 185!/!173!Ligands! 2!GDP,!2!Mg2+,!82!waters!
r.m.s.d.!!from!ideal!geometry! !Bond!lengths!(Å)!/!angles!(o)! 0.016!/!1.815!
Thermal!parameters!(B,!Å2)! !Wilson!Plot! 30.1!Mean!B!all!atoms! 33.7!Protein!atoms!(chain!A!/!B)! 34.1!/!33.7!Mg2+!ions! 12.9!/!14.2!GDP!(chain!A!/!B)! 28.3!/!27.0!Water!molecules! 34.1!
Ramachandran!plot!Favoured!/!allowed!/!outlierse!(%)!
MolProbity Score!
!95.2!/!3.9!/!0.9!39th!percentile!!
a. Values! in! parentheses! refer! to! the! highest! resolution! bin! (2.21K2.10! Å);! b.! Rmerge! =!∑h∑(I(h,i)!K!<I(h)>!/∑h∑i(I(h,i);!c.!Rwork!=!∑hkl||Fo|K|Fc||/∑|Fo|,(where!Fo!is!!the!observed!structure!factor!amplitude!and!the!Fc! is! the!structureKfactor!amplitude!calculated! from!the!model;!d.!Rfree! is!the!same!as!Rwork!except!only!calculated!using!a!subset,!5%,!of!the!data!that!are!not!included!in!any!refinement!calculations;!e.!Ramachandran!analysis!performed!using!MolProbity!(Davis!et(al.,!2007).(!
!
 !
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!
3.3.!Overall!structure!Structural!comparisons,!using!chain!A,!carried!out!using!DALI!(Holm!&!Sander,!1995)! indicated! that! human! ARF1! has! the! highest! similarity! to! LmARL1! with! an!r.m.s.d.!of!0.64!Å!for!superposition!of!174!Cα!atoms.!This!is!despite!LmARL1!sharing!slightly!higher!sequence! identity!with!human!ARL1!(60!%)!compared! to!ARF1!(54!%)! and! carrying! the! cysteine! in! switch! II,! a! part! of! the! structure! shown! to! be!important!for!specific!golginK97,!ranBP2α,!imh1p!and!p230/golginK245!GRIP!domain!protein! recognition! (Wu! et( al.,! 2004).! These! comparisons! indicate! the! strong!conservation!of!overall!structure!within!the!ARF/ARL!family!of!proteins.!The!fold!of!LmARL1!is!similar!to!other!Ras!family!members!with!a!βKsheet!core!of!six!strands,!in!order!1,!3,!4,!5,!6!and!7,!surrounded!by!five!αKhelixes!(Figure!3.3).!The! switch! I! region! consists! of! residues! Gly43! to! Val54! part! of! which! forms! an!additional!strand,!β2!at!the!edge!of!the!sheet!and!interacting!with!β3.!Such!a!feature!is! characteristic! of! ARFs! and! ARLs! but! absent! from! other! Ras! family! members!(Pasqualato!et(al.,!2002).!The!switch!region!II!comprises!Gly72!to!Tyr84!and!has!no!secondary!structure.!Strands!β3!and!β4!together!with!the!turn!linking!them!form!the!interswitch! section! (Figure! 3.3).! In! similar! fashion! to! other! GDP! bound! ARL!structures!α1!lies!on!the!surface!of!the!structure!positioned!between!the!CKterminal!section! of! α2,! α5! and! the! interswitch! region! (Amor! et( al.,! 2001;! Pasqualato! et( al.,!2002).! In! this! family! of! proteins! GTP! binding! results! in! conformational! changes!which! force! α1! to! protrude! away! from! the! body! of! the! protein! to! interact! with!membranes!(Pasqualato!et(al.,!2002).!The!nucleotide!binding!PKloop!links!β1!with!α2!and!forms!part!of!the!active!site.!
 !
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!
Figure!3.3!Ribbon!diagram!of!the!LmARL1:GDP:Mg2+!complex!chain!A.!The!NKterminal!α1!is!orange,!switch! I! light! blue,! interswitch! region! green,! switch! II! dark! blue! and!Mg2+! is! depicted! as! a! black!sphere.!GDP!is!shown!as!sticks!and!coloured!according!to!atom!type:!C!yellow,!N!blue,!O!red!and!P!orange.! The! side! chain! of! Cys83,!which! is! involved! in! a! disulphide! bond,! is! shown! in! sticks! and!coloured!green.!The!NK!and!CKtermini!and!elements!of!secondary!structure!are!labelled.!
(
LmARL1,!in!similar!fashion!to!the!Saccharomyces(cerevisiae orthologue,(ScARL1!(Amor!et(al.,!2001),!purifies!as!a!covalent!homodimer.!LmARL1!Cys83,!conserved!in!
S.(cerevisiae!and!human!ARL1!proteins!(data!not!shown),!is!placed!at!the!surface!of!the!protein!on!the!loop!linking!β4!with!β5!which!is!part!of!switch!II!(Figure!3.3)!and!the!omit!difference!density!map!for!the!disulphide!bond!is!shown!in!Figure!3.4.!The!equivalent! cysteine! in! ScARL1!was!mutated! to! serine! to! prevent! the! dimerisation!that!results!from!disulphide!bond!formation!yet!the!mutant!protein!was!still!able!to!rescue! cold! sensitivity! of! arl:! cells,! thus! implying! that! biological! function! was!retained! by! the! monomer! (Amor! et( al.,! 2001).! The! structure! of! human! ARL1! in!
 !
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!complex!with!a!GRIP!domain! indicated!a!role! for! the!equivalent!cysteine,!Cys80,! in!complex!formation!and!indeed!mutagenesis!of!this!residue!to!histidine!on!the!human!protein!reduced!the!interaction!with!the!GRIP!domain!(Wu!et(al.,!2004).!These!data!suggest!that!the!LmARL1!homodimer!is!most!probably!an!artefact!generated!during!the!purification!process!and!of!no!physiological!relevance.!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
Figure! 3.4.! The! omit! difference! density! map! for! the! Cys83! disulphide! bond.! The! green! mesh!represents! the! Fourier! synthesis! Fo! –Fc! ,! αcalc! where! Fo! and! Fc! are! the! observed! and! calculated!structure! factors,! respectively,! and! αcalc! is! the! calculated! phases! without! the! scattering!contributions!of!the!sulfur!atoms.!The!map!is!contoured!at!3!σ.!
!
3.4.!The!active!site!and!interactions!with!GDP:Mg2+!The! GDP! binding! site! is! a! cleft! formed! between! α2! and! β1,! where! the!phosphates!are!placed,!and!the!loops!between!β5!K!α3!and!β6!K!α4!that!interact!with!the! ribose! and! guanidine! moieties! respectively! (Figures! 3.3! and! 3.5).! The! PKloop!contains! Gly32,! Lys33! and! Thr34,! which! are! part! of! the! Walker! A! motif!GxxxxGK(S/T)! (Walker! et( al.,! 1982).! These! residues! are! involved! in! coordinating!phosphate! groups! of! GDP!or!GTP!using! both!main! chain! and! side! chain! functional!groups!(Figure!3.5).!In!addition,!Ser35!makes!main!chain!and!side!chain!interactions!with!the!GDP!αKphosphate.!Asn30!and!Ala31!coordinate!the!βKphosphate!and!along!with!Lys130!form!one!side!of!the!GDP!binding!cleft.!
 !
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!
Figure!3.5.!The!GDP!binding!site! in!chain!A.!The!orientation! is!similar! to! that!used! in!Figure!3.3.!GDP!and!Mg2+!are!depicted!as!in!Figure!3.3.!The!protein!main!chain!is!shown!in!the!ribbon!style!and!side!chains!as!sticks!coloured!according! to!atom!type:!C!grey,!N!blue!and!O!red.!Red!spheres!are!water!molecules.!Dashed!lines!represent!potential!hydrogen!bonds,!thin!black!lines!at!the!Mg2+!ion!represent! ligand! coordination.! The! positions! of! Glu57! and! Tyr38! from! molecule! B,! after! least!squares!superposition,!are!shown!with!cyan!C!atoms!for!comparison.!!A!Mg2+!ion!is!positioned!at!one!end!of!the!active!site,!towards!β4,!coordinated!by!four!water!molecules,!OG1!Thr34!and!a!GDP!βKphosphate!oxygen.!Here,!Glu57!and!Asp70,! the! latter! of! which! is! part! of! the! WDxGGQ! motif! typical! of! this! family! of!GTPases,! contribute! to! binding! the! hydrated!Mg2+! by!waterKmediated! interactions!(Figure! 3.5).! The! octahedral! coordination! of! the! hydrated! Mg2+! ion! stabilises! the!switch! I! and! interswitch! regions! in! a! conformation! which! allows! α1! to! sit! in! a!retracted!position.!!The!guanine!binds!at! the!β6Kα4!region!of! the!active!site! lying!on,!and!making!van!der!Waals! contacts!with! the!aliphatic! component!of! the!Lys130!side! chain.!On!
 !
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!the! other! side! of! the! purine,! the! Met152! side! chain! from! a! symmetry! related!molecule! in! the! crystal! lattice! forms! van!der!Waals! interactions! (data! not! shown).!The!position!of! this!methionine!may!contribute!to! forcing!the!side!chain!of!Lys164!away!from!the!purine!to!prevent!the!type!of!interactions!formed!with!Lys130.!Four!functional! groups! of! the! purine! participate! in! hydrogen! bonding! interactions.! The!purine!N7!is!directed!into!the!cleft!and!forms!a!hydrogen!bond!with!a!wellKordered,!buried!water!molecule! that! also! hydrogen! bonds!with! the! carbonyl! of! Gly32,!ND2!Asn129! (not! shown)! and! Ser163! OG.! The! main! chain! amide! of! Ser163! in! turn!donates!a!hydrogen!bond!to!O6!of!GDP.!The!OG!of!Ser162!is!3.4!Å!from!O6!and!this!may! signify! a! weak! hydrogen! bond.! The! side! chain! of! Asp132! accepts! hydrogen!bonds!donated!from!N1!and!N2.!!On! the! basis! of! sequence! conservation,! overall! the! nucleotideKbinding! site! is!highly!conserved!with!other!L.(major!ARF/ARL!family!members!(Figure!3.6,!and!see!later).!If!we!restrict!the!comparisons!to!eleven!putative!ARF/ARL!sequences!encoded!in!the!L.(major!genome!found!in!GeneDB!(HertzKFowler!et(al.,!2004)!(Figure!3.9)!then!of! the! fourteen! residues! described! above!with! a! role! in! binding! the! GDP:Mg2+!we!note! that! seven! (Gly32,! Lys33,! Thr34,! Asp70,! Asn129,! Lys130! and! Asp132)! are!strictly!conserved.!The!three!residues!on!the!loop!following!β7,!Ser162,!Ser163!and!Lys164! are! reasonably! conserved.! At! the! position! of! Ser162,! one! of! the! other!sequences! displays! a! serine! and! nine! sequences! have! cysteines.! Residues!corresponding!to!Ser163!of!LmARL1!are!conserved!as!serine!in!six!other!sequences,!cysteine! in! three! and! a! single! sequence! has! an! asparagine.! Lys164! is! strictly!conserved!in!only!three!other!sequences.!However,!the!basic!residues,!histidine!and!arginine,!occur!in!this!position!in!two!other!sequences.!Asn30!and!Ala31!form!part!of!
 !
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!the! PKloop! and! are! involved! in! binding! the! phosphate! groups! of! GDP! mainly! by!interactions! with! the! main! chain! amide.! These! residues! are! strictly! conserved! in!eight!of! the!other!sequences.!Ser35!uses!main!chain!and!side!chain!groups! to!bind!the! GDP! αKphosphate.! This! residue! position! is! maintained! as! serine! in! four! other!sequences! or! with! the! conservative! substitution! as! threonine! in! the! remainder.!Glu57! is! part! of! the! interswitch! region! and! is! strictly! conserved! in! five! sequences!with!a!similar!aspartate!in!another.!In!other!L.(major! family!members,!this!position!has!lysine,!methionine!or!threonine!and!so!is!more!variable.!Structural!comparisons,!mainly!involving!S.(cerevisiae!ARF2!and!ARL1!(Amor!et(
al.,!2001)!suggested!that!the!position!of!a!tyrosine!on!α2!following!the!PKloop,!Tyr38!in!LmARL1,!and!interactions!with!the!highly!conserved!glutamate,!Glu57!in!LmARL1,!could!influence!affinity!for!Mg2+!therefore!nucleotide!exchange.!The!tyrosine!is!able!to! adopt! two! conformations,! one! directed! towards! and! interacting! with! the!glutamate! and! one! directed! away.!We! observe! two! conformations! of! Tyr38! in! the!structure!of!LmARL1!(Figure!3.5).! In!chain!A,!Tyr38! is!directed! towards!Glu57!but!remains! over! 6! Å! from! the! acidic! side! chain.! Tyr38! OH! is! involved! in! a! hydrogen!bond! with! Asp117! OD2! from! a! symmetry! related! molecule! (data! not! shown).! In!chain! B,! the! side! chain! of! Tyr38! is! directed! away! from! Glu57! to! participate! in! a!hydrogen!bonding!interaction!with!Thr155!OG!of!a!symmetry!related!molecule!(data!not!shown).!This!difference!between!the!two!chains!in!the!asymmetric!unit!does!not!affect! the! occupancy! of! Mg2+! or! GDP! in! the! active! site,! contrary! to! previous!conclusions!(Amor!et(al.,!2001).!The! amino! acid! conservation! of! the! L.! major( ARF/ARL! proteins! has! been!mapped! onto! the! structure! of! LmARL1! (Figure! 3.6).! The! most! highly! conserved!
 !
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!residues!constitute!the!core!of!the!protein!structure!and!the!nucleotideKbinding!site.!The! greatest! sequence! variation! is! observed! at! the! NKterminus,! and! the! loops!between!α2!and!β2,!β3!and!β4,! all! of!which! face! the! region! that! sits! closest! to! the!membrane!when!bound! (Figure!3.6).!However,!within!classes! these! loop!areas!are!conserved,!so!these!areas!may!be!involved!in!class!specific!localization.!Residues!that!are!not! involved! in!GDP!binding!and! that!are! located!on! the!surface!of! the!protein!show! poor! conservation.! These! residues! are! most! likely! involved! in! complex!formation! and! interaction! with! different! effectors,! thus! providing! the! functional!specificity!to!the!ARF/ARL!family.!
!
Figure!3.6.!Surface!representation!of!LmARL1!and!the!distribution!of!conserved!residues.!The!van!der!Waals!surface!is!semiKtransparent!over!the!ribbon!diagram!of!LmARL1.!GDP!is!shown!as!yellow!sticks! and!Mg2+! as! a! black! sphere.! The! view! is! similar! to! that! used! in! Figure! 3.3.! The! surface! is!coloured!blue!where!strictly!conserved!residues!observed!in!alignments!of!putative!and!proven!L.(
major!ARF/ARL!sequences.!
 !
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!
3.5.!Trypanosoma)brucei!ADP!ribosylation!factor2like!3A!!
TbARL3A! was! identified! in! GeneDB! (HertzKFowler! et( al.,! 2004)! as(
Tb927.3.3450.!It!was!cloned!into!pET15bKTEV!and!an!E.(coli!expression!system!for!a!histidineKtagged! TbARL3!was! constructed! and! IMAC!was! used! as! the! first! step! in!purification!with!highKresolution!analytical!gel!filtration!used!in!the!final!stage.!The!protein!it!eluted!as!a!monomer!(Figure!3.7).!!
!
Figure!3.7.!Gel!filtration!spectrum!of!TbARL3,!blue!line!represents!absorbance!at!UV!280!nm.!TbARL3!eluted!in!one!peak!at!the!approximate!weight!of!a!monomer!(20!kDa).!!!
TbARL3A!was!subjected!to!a!crystallisation!screen!campaign!using!a!range!of!commercial!kits.!Two!conditions!were!identified!that!produced!crystals!(Figure!3.8).!These!were!rod!like!crystals!of!approximately!155!x!15!μm.!!
 !
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!
Classics!screen!condition!H5:!30!%!PEG!4k,!0.2!mM!Li2SO4,!0.1!M!Tris!HCl!pH!8.5!! JCSG+! screen! condition! H11:! 25!%! PEG! 3350,!0.2!mM!MgCl2,!0.1!M!Bis!Tris!HCl!pH!5.5!
Figure!3.8.!Crystallisation!hits!from!commercial!screens!of!TbARL3!Optimisation! experiments! were! performed! and! these! showed! that! the! PEG!must!be! fresh,! the!protein! also!must!be! around!3!days!old! and!will! not! crystallise!after!a!freeze!thaw!cycle.!Seeding!failed!to!produce!crystals!of!improved!morphology.!Despite!this,!no!crystal!could!be!produced!that!would!diffract!beyond!7!Å.!To!check!that! the! crystals! were! not! being! damaged! by! cryoKcooling! or! improper!cryoprotectant! selection,! room! temperature! diffraction! tests! preformed! but! they!showed!no!improvement!in!diffraction.!
!
3.6.!Sequence!comparisons!to!classify!the!L.)major!ARF/ARL!family!Based!on!the!structure!of!LmARL1,!comparative!data!with!human!proteins!and!the!few!studies!on!trypanosomatid!ARF/ARL!family!members!we!sought!to!organize!the! L.( major! ARF/ARL! family! into! functional! groups.! All! L.( major! and! T.( brucei!proteins!labelled!as!proven!or!putative!ARFs!or!ARLs!in!GeneDB!(HertzKFowler!et(al.,!2004)! were! identified;! twelve! in! both! organisms,! although! in! the! case! of! two! T.(
brucei! proteins! there! is! only! a! single! conservative! amino! acid! change,! valine! to!
 !
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!alanine.!Each!sequence!was!used!to!search!the!human!genomic!database!since!this!links!to!a!significant!body!of! functional!data!on!this!protein! family!and!for!which!a!standardised!naming!convention!is!available!(Kahn!et(al.,!2006).!!A! sequence! identity! distance! tree! for! the! L.( major! proteins! was! calculated.!Despite! sharing! high! levels! of! sequence! identity,! in! particular! in! and! around! the!nucleotide! binding! site! and! the! core! of! the! protein,! comparisons! of! ARF/ARL!proteins!are!complicated!by! insertions/deletions!and!extensions.!LmjF36.0820!was!excluded!from!the!sequence!alignment!due!to!an!unusual!NKterminus!extension!and!an!insertion!before!the!PKloop.!The!results!for!the!remaining!eleven!L.(major!proteins!are!shown!in!Figure!3.9.!
!
Figure!3.9.!A!multiple!sequence!alignment!(CLUSTALW!(Thompson!et(al.,!1994))!of!eleven!L.(major(proteins! flagged!as(ARF/ARL! family!members! in!GeneDB! (HertzKFowler!et(al.,! 2004)).! Sequences!are!labelled!with!the!GeneDB!identifiers;!LmjF17.0070!is!LmARL1.!Three!residues!of!LmjF05.0030!that!makes!it!SarKlike,!His52,!Pro53!and!His74,!are!highlighted!in!orange.!Cys83!is!highlighted!in!a!green!box.!The!LmARL1(secondary!structure!elements!are!depicted!as!straw!coloured!cylinders!(αKhelices)!and!green!arrows!(βKstrands).!Groups!are!separated!by!black!lines!determined!by!average!distances! using! BLOSSUM62! (Henikoff! &! Henikoff,! 1992).! Sequence! conservation! is! shown! in!grades!of!blue!where!the!darkest!hue!represents!100!%!strictly!conserved!residues,!to!the!lightest,!which!marks!conservation!in!at!least!six!out!of!the!eleven!sequences!shown.!!
 !
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!! Two!major!groups!are!apparent! (Figure!3.10).!Those!proteins! that!shared!the! greatest! identity! with! ARF/ARL! family! members! involved! in! membrane!trafficking,! of!which! there! are! four,! and! three!which! are!most! closely! related! to!proteins! implicated! in! regulation! of! microtubule! dependent! events.! These! two!groups!are!referred!to!as!class!I!and!class!II,!respectively!(Kahn!et(al.,!2005).!!
 !
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!
Figure! 3.10.! A! classification! of! trypanosomatid! ARF/ARL! proteins.! The! program! MrBayes!(Ronquist!&!Huelsenbeck,!2003)!was!used!with!a! fixedKrate!Poisson!amino!acid!model,!assuming!that! rates! vary! over! sites! according! to! γ! distribution;! a! molecular! clock! was! not! enforced.!Convergence! was! reached! with! a! potential! scale! reduction! factor! value! of! 1! after! 120,000!generations.! Probabilities! are! included! for! each! node! on! the! tree! diagram.! The! diagram! was!prepared! with! PHYLIP's! drawtree! program! (Felsenstein,! 2002).! The! term! ‘ARF! put’! means! the!protein!is!assigned!as!a!putative!ARF!in!GeneDB.!The!class!I!proteins!are!in!a!pink!box,!class!II!in!a!green!box!and! the! two!SarKlike!proteins! in!a!yellow!box.!The!neighbourKjoining!method!was!also!used!to!calculate!a!phylogenetic!tree!and!produced!similar!results!(data!not!shown).!
 !
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!! The!class!I!grouping!consists!of!LmARL1!itself!and!three!other!proteins!(pink!box!Figure!3.10),!with!which!it!shares!sequence!identities!of!40,!50,!and!52!%.!One!of!the!assigned!class!I!proteins!(LmjF31.2280)!is!identical!in!amino!acid!sequence!to!L.(
donovani! ARF1,! a! protein! shown! to! be! essential! in! vesicular! trafficking! and! in! the!structural!maintenance! of! the! Golgi! network! (PorterKKelley! et( al.,! 2004).! Another,!
LmjF31.2790,!shares!86!%!sequence!identity!with!the!Golgi!localising!T.(brucei!ARF1,!which! is! implicated! in! the! maintenance! of! postKGolgi! transport! and! endocytosis!(Price!et(al.,!2007).!The!final!group!member,!LmjF04.0480,!awaits!functional!studies.!!We! note! that! LmjF04.0340,! with! 45!%! sequence! identity! to! LmARL1,! and! is!closely!related!to!LmjF04.0480!(Figure!3.10)!so!may!be!a!candidate!for!inclusion!in!class!I.!LmjF04.0340!has!a!difference!in!its!PKloop.!There!is!an!aspargine!that!when!mutated! to! any!other! residue!except!proline! causes! a!disruption! in! the! salt! bridge!network.! This! causes! the! protein! to! be! constitutively! active(Neuwald,! 2010).;! this!difference!within!LmjF04.0340!may!indicate!a!similar!state!of!activity.!The!class!II!proteins!(green!box!Figure!3.10)!are!most!similar!with!human!ARL!variants!(identities!range!from!53!%!to!62!%),!which!are!implicated!in!the!regulation!of! microtubuleKdependent! events! (Pasqualato! et( al.,! 2002).! LmjF29.0880! and!
LmjF36.6230!are!both!currently!assigned!as!ARL3!and!we!note! that! the!equivalent!proteins!of!L.(donovani!and!T.(brucei!have!been!localised!to!the!flagellum!(Cuvillier!et(
al.,!2000;!Sahin!et(al.,!2004;!2008).!In!Drosophila(melanogaster,!ARL3!is!localised!in!chemo! and! mechanosensory! ciliated! cells! (AvidorKReiss! et( al.,! 2004).! It! would! be!interesting! to! test! if! flagellar! localisation! of! LmjF29.0880! and! LmjF36.6230! is!observed.!The!amino!acid!sequence!of!the!remaining!class!II!member,!LmjF35.0130,!
 !
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!does!not!display!any!unusual!features!and!experimental!data!would!be!necessary!to!advance!understanding!of!what!function!it!might!contribute.!!This!leaves!four!family!members!to!discuss.!LmjF30.2370!is!an!outlier!lacking!the!myristoylation!signal!sequence!and!with!a!threeKresidue!extension!in!the!switch!I!region.! LmjF05.0030! also! lacks! the! myristoylation! signal! sequence,! however! we!tentatively! assign! it! as! a! SarKlike! protein! since! it! since! it! shares! 51!%! amino! acid!sequence! identity!to!the!human!secretionKassociated!and!RasKrelated!(Sar)!protein.!Sar! is! a! small! GTPase! within! the! Ras! superfamily! implicated! in! vesicular! coat!initiation! and! formation! in! similar! fashion! to! ARF1,! except! that! Sar! initiates!anterograde!transport!of!coat!protein!complex!II!(ER!to!Golgi)!instead!of!retrograde!transport!(Golgi!to!ER)!of!complex!I!(Pasqualato!et(al.,!2002).!The!Sar!orthologue!in!
T.( brucei! is! Tb927.5.4500! (Field,! 2005)! and! shares! 78! %! sequence! identity! with!
LmjF05.0030.!
LmjF36.6230! shares! 47!%! amino! acid! sequence! identity!with!Tb927.10.8580!(previously! Tb10.6k15.1960),! a! T.( brucei( protein! identified! in! an! analysis! of! the!flagellar!proteome!and!one!that!is!localised!exclusively!in!that!organelle!(Broadhead!
et( al.,! 2006).! The! closest! human! homologue,! ARL13B,! is! located! in! the! cilia,! and!mutations!are! implicated! in! the!ciliopathies!BardetKBiedl,! and! Joubert’s! syndromes!(Cantagrel!et(al.,!2008;!Kobayashi!et(al.,!2009).!Although!localised!to!the!flagella,!the!trypanosomatid! sequences! lack!an!extended!prolineKrich!CKterminal! section! that! is!apparently! required! for! cilia! localization! in! mammals! (Hori! et( al.,! 2008).!
LmjF36.0820! may! actually! be! a! class! II! ARL! and! only! appears! divergent! in! the!sequence!distance! tree! (Figure!3.10)!due! to! the!extended!NKterminal! section! (data!not!shown).!
 !
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!The!NKterminal!region!of!LmjF16.1380!is!unusually!short!compared!to!the!rest!of!the!L.(major!ARF/ARL!family!and!the!structure!may!not!display!an!αKhelix!there.!The!L.(major!sequence!also!lacks!the!glycine!pair!in!the!beginning!of!switch!II,!which!is! replaced! by! Ser61KGly62! (Figure! 3.10).! It! has! been! proposed! (Pasqualato! et( al.,!2002)!that!the!lack!of!a!GlyKGly!motif!in!human!ARL6!feature!may!reduce!flexibility!at! the! interswitchKswitch! II! section.! These! features! make! this! an! interestingly!different!protein!from!the!rest!of!the!family.!!As!outlined!earlier,!we!also!identified!predicted!ARF/ARL!family!members!in!T.(
brucei!and!investigated!those!sequences!as!described!for!the!L.(major!proteins.!The!classification!we!arrive!at! is!very!similar! in!both!organisms!(data!not!shown).!This!observation! is! in! agreement!with!what!has!been!observed!by!Field! in!his! study!of!GTPases!in!T.(brucei!(Field,!2005).!!
!
3.7.!Conclusions!!The!crystal!structure!of!LmARL1!in!complex!with!GDP:Mg2+,!the!first!structure!of!a!protist!ARL,!has!been!determined!to!a!resolution!of!2.1!Å,!and!some!comparisons!with! ARF/ARL! structures! previously! reported! have! been! carried! out.! The! general!protein! fold!and!organization!of! the!nucleotideKbinding!site! is!highly!conserved,!as!well!as! the!GDP!bound!NKterminal!αKhelix!conformation.!Like!the!yeast!orthologue,!
ScARL1,! LmARL1! forms! a! disulphideKlinked! homodimer! but! we! judge! that! this!observation!has!no!biological!relevance.!There!are!two!molecules!in!the!asymmetric!unit! of! the!LmARL1! crystal! structure.! These!molecules! are,! considering! the! errors!associated!with!a!medium!resolution!crystal!structure,!highly!similar.!A!noteworthy!difference! is! that! near! the! PKloop,! Tyr38! adopts! different! conformations.! The!
 !
Chapter(3(–(Leishmania(major(ADP(ribosylation(factor:like(results(and(discussion!
 
! !
!
64!
!conformational! variability! of! this! conserved! residue! has! been! noted! in! other!ARF/ARL!structures!and! it!has!been!suggested! that! this! correlates!with!nucleotide!binding.!We,!however,!observe!no!difference! in!GDP:Mg2+!binding!between!the!two!conformations.!!A! search!of! the!L.(major! genome! identified! twelve!ARF/ARL!proteins.!On! the!basis!of!sequence!and!structure!considerations,!combined!with!biological!data!where!available,!we!suggest!that!seven!of!the!L.(major!proteins!fall!into!the!two!main!groups!of!ARF/ARL!proteins:!namely!those! likely! involved!in!microtubule! interactions!and!those,!like!LmARL1,!that!are!involved!in!vesicular!transport.!There!is!a!single!SarKlike!GTPase!and! then! four!putative!proteins! for!which! further!data!would!be!essential,!e.g.! localization,!phenotypic!analysis! following!gene!knock!out!or!RNA! interference!methods,! in! order! to! assist! assignment! of! biological! function! and! to! form! an!improved!classification.!Knowledge!based!on! the!Kinetoplastids!might! then! form!a!solid!basis!upon!which!to!advance!work!on!the!human!ARF/ARL!family.!!
!!
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!
4.!TRYPANOSOMA*BRUCEI*TUBLIN!BINDING!COFACTOR!B!!
RESULTS!AND!DISCUSSION!
4.1.!Aims!Crystallographic! investigations! of! T.( brucei! tubulin5binding! cofactor! B!(TbTBC5B)!were!initiated!as!no!structure!of!any!protist!or!a!full!length!TBC5B!was!known.!The!aims!were!to!solve!the!TbTBC5B!CAP5Gly!domain!structure,!investigate!binding! of! this! domain!with! its! putative! α5tubulin! C5terminal! tail! peptide! ligand!and!extend!structural!knowledge!into!the!linker!region!of!the!protein.!!!In!addition,!a! detailed! analysis! of! both! domains! of! this! protein!was! performed! to! determine!what! was! unique! and! conserved! between! these! domains! and! other! known!structures,! and! how! this! may! affect! this! tubulin5binding! cofactor’s! function! in!trypanosomatids.!
!
4.2.!General!comments!on!TbTBC@B!There!are!currently!no!full! length!structures!of!a!TBC5B!known.!There!are,!however,!Nuclear!Magnetic!Resonance!(NMR)!structures!of!Caenorhabditis(elegans((PDB! code! 1T0Y,! Lytle! et( al.,! 2004),( Drosophilia(melongaster( (2KJR),!Arabidopsis(
thaliana!(2KJ6)!and!mouse!(1V6E)!TBC5B!Ubl!domains.!The!mouse!TBC5B!CAP5Gly!domain! (1WHG)! NMR! structure! has! been! solved,! with! a! crystal! structure! of! C.(
elegans!TBC5B!CAP5Gly!domain!(1TOV!and!1LPL,!Li!et(al.,!2002)!also!determined.!!Searching!known!TBC5B!protein!sequences!against!the!translated!T.(brucei!genome!identified!the!gene!encoding!for!TbTBC5B.!The!homologue!with!the!highest!identity! was! Tb10.61.2930,! currently! labelled! as! a! tubulin5specific! chaperone,!
!!
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!which!has!40!%! identity! to!human!and!mouse!TBC5Bs! and!37!%! identity! to! a!C.(
elegans(protein!sequence.!Bioinformatic!analysis!identified!that!TbTBC5B!is!232!amino!acids!long!and!consists!of!two!domains.!It!has!an!N5terminal!ubiquitin5like!(Ubl)!domain!(residues!3! to!87)! and!a!CAP5Gly!domain! (residues!157! to!222)! joined!by!a! linker,! part! of!which!has!predicted!similarity!to!tropomyosin!(103!to!155)!(Figure!4.1).!
!
Figure!4.1.!Schematic! of!TbTBC5B.! !Domains! and! termini! labelled.! Top!numbers!domain! residue!numbers;!bottom!numbers!and!black!lines,!crystallised!polypeptide!residues,!as!with!be!described.!!!Full!length!T.(brucei(TBC5B!was!produced!in!E.(coli!and!purified!with!a!yield!of!18!mgL51!of!bacterial!culture.!Attempts! to!crystallise! the! full! length!(24.5!kDa)!protein!resulted! in!crystals! that,!although!of!good!appearance,!did!not!diffract!X5rays.! Limited! proteolysis! produced! two! products,! one! of! which! crystallised!successfully.! It! was! identified! with! a! combination! of! mass! spectrometry! and!Edman! sequencing! as! covering! the!Ubl!domain!of!TbTBC5B! (Dr.!Rachel!Morgan).!Dr.! Paul! Fyfe! solved! the!TbTBC5B! Ubl! domain! structure.! It! will! be! analysed! and!discussed! here! in! order! to! consider! the! whole! TbTBC5B! structure.! The! CAP5Gly!domain!was!later!solved!after!several!polypeptides!were!produced!of!this!domain!to!identify!a!region!that!would!crystallise.!!!
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4.3.!The!Ubl!domain!As! proteases! have! been! previously! used! to! generate! diffraction! quality!crystals! (Li! et( al.,! 2002,! Dong! et( al.,! 2007;! Wernimont! &! Edwards,! 2009),!chymotrypsin!was! added! to! solutions! of!TbTBC5B! in! crystallisation! experiments.!This! facilitated! limited! proteolysis,! which! allowed! for! the! investigation! into!truncated! versions! of! the! protein! to! determine! if! any! other! polypeptides! might!crystallise.! Indeed,! crystals! formed! in! a! number! of! conditions! and! one! was!successfully! optimised.! A! combination! of! mass! spectrometry! and! Edman!sequencing! identified! the! crystallised! fragment! as! the! N5terminal! Ubl! domain! of!
TbTBC5B!comprising!102!amino!acids!(Dr.!Rachel!Morgan,!unpublished!data).!!This!domain!crystallised!in!the!tetragonal!space!group!P41212!with!a!single!polypeptide! in! the! asymmetric! unit.! Crystallographic! statistics! (Dr.! Paul! Fyfe,!unpublished! data)! indicated! that! the! analysis! produced! an! acceptable! medium!resolution!model!(2.35!Å)!with!no!Ramachandran!outliers.!!4.3.1.(Overall(structure(of(the(Ubl(domain(The!Ubl!domain!is!a!small!globular!entity!consisting!of!a!mixed!four5strand!β5sheet!that!forms!a!concave!groove!in!which!a!single!α5helix!sits!(Figure!4.2).!!This!is! an! example! of! a! β5grasp! fold,! a! common! structure! involved! in!protein5protein!interactions!(Lytle,!2004;!Dong!et(al.,!2007;!Wernimont!and!Edwards,!2009).!!It!is!the! more! variable! domain! of! this! protein! in! terms! of! amino! acid! sequence,! for!example! the! conservation! between! TbTBC5B! and! mouse! TBC5B’s! Ubl! domain!(1V6E)!is!29!%!with!a!r.m.s.d.!of!1.47!Å!for!95!Cαs!positions.!The!identity!between!
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!the!mouse!CAP5Gly!!(1WHG)!domain!and!the!TbTBC5B!CAP5Gly!domain!is!higher!at!54!%!and!the!r.m.s.d.!reflects!this!at!a!closer!1.13!Å!for!113!Cαs!positions.!
!
Figure!4.2.!Ribbon!diagram!of!the!Ubl!domain!of!TbTBC5B.!β5strands!coloured!light!blue,!α5helices!in!pink.!The!N5!and!C5termini!and!elements!of!secondary!structure!are!labelled.!!!!
4.3.2.(Conserved(residues(The! residues! involved! in! forming! hydrophobic! core! interactions,! those!identified!as!having!<10!%!solvent!accessible!surface!area!(Val4,!Val6,!Leu8,!Tyr22,!Ile28,! Ile31,! Val35,! Thr41,!Met46,! Leu48,! Leu50,!Met62,! Leu68,! Cys73,! Ile79! and!Val81),!with!the!exception!of!Met62!and!Cys73,!are!highly!conserved!between!TBC5B!homologues!(Figure!4.3,!yellow!squares).!The!surface!residues!are!more!variable!(Figures!4.4!and!4.5).!This!lack!of!conservation!makes!it!difficult!to!assign!function!
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!in! tubulin! or! TBC5E! binding.! The! flexible! loop! between! β3! and! β4! is! the! most!variable!region!as!it!is!not!part!of!the!main!Ubl!core!and!varies!in!length!between!species,!although!it!is!relatively!short!in!the!T.(brucei!protein.!
!
Figure!4.3.!Alignment!of!TbTBC5B!top!24!Ubl!domain!homologues.!TbTBC5B’s!secondary!structure!is! annotated:! β5strands,! blue! arrows;! α5helixes,! raspberry! cylinders.! Yellow! boxes,! residues!with!<10%!surface!exposed!area.!Green!triangles!conserved!surface!exposed!residues!shown!in!Figure!4.5.!Residue!boxes!coloured!by!conservation:!black,!100!%;!dark!grey,!!>80!%;!medium!grey,!>75!%;!light!grey,!>60!%.!!
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!
Figure!4.4.!Conserved!residues!of!the!TbTBC5B!Ubl!domain.!Two!orientations!are!shown!rotated!by!180°.! Conserved! residue! positions! (>80! %! conservation! within! the! top! 30! non5degenerate!homologues),!which!contribute!to!the!surface!of!the!protein,!are!labelled.!The!N5!and!C5termini!are!labelled.!! There! are,! however,! some! conserved! surface! exposed! residues! around!β1!and!β4!!(Thr9,!His80,!Asp83,!Figures!4.4!and!4.5).!These!residues!form!a!very!small!cluster! (Figure! 4.5)! that! may! be! important! for! mediating! protein5protein!interactions.!!!
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!
Figure! 4.5.! Sphere! representation! of! TbTBC5B! Ubl! domain! showing! conserved! residues.! Both!orientations!are!the!same!as!those!used!in!Figure!4.4.!HIghly!conserved!residues!(same!as!those!in!Figure! 4.3)! in! dark! blue,! semi5conserved! residues! light! blue.! Dashed! lines! point! to! occluded!residues.!The!N5!and!C5termini!are!labelled.!!
( It!was!proposed!that!the!Ubl!domain!of!C.(elegans!TBC5B!carried!a!K[K/R]!motif! in!the!β2!strand!(Lytle,!2004;!2004)}.! It!was!considered!that!they!might!be!important! for! tubulin! binding! due! to! their! complementary! basic! nature! to! the!acidic! tubulin.!Also,! these! residues!have!a! role! in! the! tubulin!binding! function!of!the! TBC5B!Ubl! domain! paralogue! doublcortin.!Mutations! in! these! residues! cause!the! doublecortin! phenotype! present! in! the! disease! lissencephalin5X! (Kim! et( al.,!2003;!Lytle,!2004).!!These! residues! are! conserved!within! the!TbTBC5B! structure! (Figure! 4.6).!However,!when!examining!TBC5B!Ubl!domains! that!are!more!divergent! from! the!ones! examined! previously! (Lytle,! 2004)! these! residues! do! not! appear! to! be!universally!conserved.!Although!TbTBC5B!contains!KR!in!this!position!the!first!24!
!!
Chapter(4(–(Tubulin(binding(cofactor(B(results(and(discussion(
!
!
!
72!
!non5degenerate! homologues! of! this! protein! do! not! (Figure! 4.3).! The! sequences!were!obtained!from!algae,!protists,!oomycytes!and!higher!plants!(Figure!4.3).!The!second! residue! in! this! sequence! location! is! most! often! arginine,! but! the! first! is!often!(22!of!24!sequences,!Figure!4.3)!a!small!amino!acid!such!as!isoleucine,!valine!or!alanine.! In!addition,! the! first!position! lysine! is!buried!and! therefore!could!not!contribute! towards! complex! formation.! Although! Arg21! is! a! conserved! surface!exposed!basic!residue!there!is!no!direct!evidence!that!this! is!required!for!tubulin!binding.!
Figure!4.6.!Location!of! the!K[K/R]!motif.!Ubl!domain!displayed!as!semi! transparent!surface!with!ribbon!diagram!underneath,!β5strands!coloured!light!blue,!α5helices!in!pink.!The!orientation!is!the!same! as! Figure! 4.2.! The!motif! is! displayed! as! fat! sticks! and! the! residues! labelled.! The!N5! and! C5termini!and!elements!of!secondary!structure!are!labelled.!!!! I58!and!Y72! form!a! small!hydrophobic! region!whilst! any!other! remaining!surface!exposed!conserved!amino!acids!!(H10,!Thr27,!Lys32,!Leu48,)!are!not!part!of! any! cluster! of! conserved! residues! and! there! is! not! enough! information! to!speculate!on!their!functions.!The!leucine!48’s!side!chain!tucks!into!the!core!of!the!
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!protein.!It!is!more!likely!that!this!residue!contributes!to!the!hydrophobic!core!and!therefore! fold! of! the! protein,! than! being! responsible! for! protein5protein!interactions.!!4.3.3.(Comparison(to(other(known(TBCEB(Ubl(structures(The! sequence! identity! between! solved! TBC5B! Ubl! domains! is! low,! not!getting!higher! than!28!%,! the! fold! is!very!similar!and! the!r.m.s.ds!between! these!structures! are! close! (Figure! 4.7,! Table! 4.1).! Most! of! the! conserved! residues! are!those!involved!in!hydrophobic!core!interactions!(Figure!4.3).!The!TbTBC5B!domain!is!most!similar!to!the!C.(elegans!TBC5B!Ubl!structure.!
!
Figure! 4.7.! The! TbTBC5B! Ubl! domain! superimposed! with! other! known! TBC5B! Ubl! structures.!Structures! are! shown! as! tubes! coloured! by! structure:! yellow,!TbTBC5B;! cyan,! C.( elegans! (1T0Y);!magenta,!Drosophila(melanogaster((2KJR);!slate,!mouse!(1V6E).!Affinity!tags,!where!present,!have!not!been!shown.!The!N5terminus!is!at!the!top,!the!C5terminus!points!to!the!bottom.!!!!!
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Table!4.1.!!Structural!alignment!of!different!Ubl!domains!with!TbTBC5B!domain!
Number! Description! pdb!code! Z!! r.m.s.d.! Lali! nres! %id!1!C.(elegans!TBC5B! 1TOY! 13.8! 1.8! 85! 90! 22!2!Mouse!TBC5B! 16VE! 12.8! 2.2! 85! 95! 28!3!!Human!ISG15!Ubl! 3RT3! 12.8! 1.6! 77! 153! 13!15!D.(melanogaster(TBC5B! 2KJR! 12.1! 1.9! 82! 95! 22!16!Mouse!TBC5E! 1WJN! 12.1! 2! 84! 97! 15!857!A.(thaliana!TBC5B! 2KJ6! 5.9! 3.2! 73! 97! 25!!Number,! order! from! DALI;! Z,! Z5score;! r.m.s.d.! in! Å;! Lali,! length! of! alignment;! nres,! number! of!residues! in! structure;! %id,! percentage! identity! between! described! structure! and! TbTBC5B! Ubl!domain.!
!
4.4.!The!CAP@Gly!Domain!4.4.1.(General(comments(on(the(CAPEGly(domain(When!the!C.(elegans!TBC5B!CAP5Gly!domain!structure!was!solved!(1TOY)!(Li!
et(al.,!2002;!Kim!et(al.,!2003)!it!was!reported!that!this!was!only!possible!after!the!full! length! protein! degraded! upon! storage.! This! allowed! for! the! isolation! of! a!crystallisable!fragment!of!the!protein.!As!with!the!C.(elegans!protein,!proteolysis!of!
TbTBC5B,! in! this! case!with! chymotrypsin,! formed! two!major! products! that!were!isolated!by!anion!exchange!chromatography.!One!product!covered!the!Ubl!domain!and!was! previously! identified! through! analysis! of! the! crystals! (Section! 4.2).! The!second! C5terminal! fragment! had! a! molecular! weight! of! 12,116! Da! and! did! not!crystallise.!!Therefore,!to!determine!the!structure!of!the!remaining!C5terminal!domain,!a!series!of!constructs!were!generated!to!optimise!the!chance!of!generating!crystals.!Crystals! were! obtained! from! a! construct! consisting! of! the! C5terminal! 81! amino!acids.!This!peptide!comprised!the!predicted!CAP5Gly!domain!of!TbTBC5B.!(
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!This! peptide! eluted! from! the! gel! filtration! column! in! one! peak! that! had! a!mass!of!approximately!11!kDa!corresponding!to!a!monomer.!It!crystallised!in!the!orthorhombic!space!group!P212121!with!two!polypeptides,!labelled!A!and!B,!in!the!asymmetric! unit.! The! structure! was! determined! to! 1.6! Å! resolution! using! the!model! 1WHG! of! the! mouse! TBC5B! CAP5Gly! domain! in! molecular! replacement!calculations.!The!r.m.s.d.!of!chain!A!on!B!is!0.86!Å!for!79!Cα!positions.!Given!that!there! were! no! restraints! imposed! on! non5crystallographic! symmetry! then! this!indicates! the!molecules! are! highly! similar,! therefore!when! discussing! secondary!structure!only!chain!A!will!be!discussed.!The!crystallographic!statistics!(Table!4.1)!indicate!that!the!analysis!has!produced!an!acceptable!high5resolution!model!with!no!Ramachandran!outliers.!!A!representative!example!of!electron!density!is!shown!in!Figure!4.8.!
!
Figure!4.8.!Representative!electron!density!(2Fo5Fc,!αcalc)!of!part!of!the!CAP5Gly!domain,!Fo!and!Fc!αcalc!are! the! observed! and! calculated! structure! factors,! respectively.! The! density! is! shown! as! dark! blue!chickenwire! that,! for! clarity,! is! shown! clipped! to! 1.6! Å! around! labelled! residues! and! nearby!water!molecules!(red!spheres).!The!map!is!contoured!at!1.5!σ.!! Residue!223!has!a!conservative!change!from!asparagine!to!glutamate!in!this!structure.! This! could! be! an! artefact! of! the! cloning! process! or! natural! strain!
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!variation,! the!T.( brucei( gambiense! sequence! (Li! et( al.,! 2002;! Hertz5Fowler! et( al.,!2004)! contains! the! same! residue.! This! difference! does! not! affect! the! local!secondary!structure!and!in!other!sequences!shows!a!high!variability.!It!is,!however,!involved!in!a!crystal!contact.!This!will!be!discussed!later!in!Section!4.5.2.!
Table!!4.2.!TbTBC@B!CAP@Gly!domain!crystallographic!statistics!Space!group! P212121!Unit!cell!lenghts!(Å)! a=!!32.66!!!!!!b=!55.73!!!!!c=!!!80.35!Resolution!range!(Å)! 40.18!5!1.59!!Completeness!(%)! 100!(99.97)!!
<I/σ(I)>,!mosaicity!(°)! 28.2!(9.6),!0.5!No.!reflections!measured!/!unique! 282648!/!20384!!Redundancy! 13.9!(14.1)!Rmerge!(%)b!! 6.9!(27)!!Rwork(%)c,!Rfree!(%)d! 19.0,!24.1!Protein!residues!(chain!A!/!B)! 79!/!78!Ligands/!number! Formates!/!6!!Waters/!228!
r.m.s.d.!!from!ideal!geometry! !Bond!lengths!(Å)!/!angles!(o)! 0.025,!2.17!
Thermal!parameters!(B,!Å2)! !Wilson!B! 14.6!Mean!B!all!atoms! 14.9!Protein!atoms!(chain!A!/!B)! 12.3!/!12.5!Formate!! 21!Water!molecules! 24.8!
Ramachandran!plot!Favoured!/!allowed!e!(%)!MolProbity!Score!
!97/100!90th!percentile!
1. Values! in! parentheses! refer! to! the! highest! resolution! bin! (2.2152.10! Å);! b.! Rmerge! =!∑h∑(I(h,i)!5!<I(h)>!/∑h∑i(I(h,i);!c.!Rwork!=!∑hkl||Fo|5|Fc||/∑|Fo|,(where!Fo!is!!the!observed!structure!factor!amplitude!and!the!Fc! is!the!structure5factor!amplitude!calculated!from!the!model;!d.!Rfree! is!the!same!as!Rwork!except!only!calculated!using!a!subset,!5!%,!of!the!data!that!are!not!included!in!any!refinement! calculations;! e.!Ramachandran!analysis!performed!using!MolProbity! (Hertz5Fowler!et(
al.,!2004;!Davis!et(al.,!2007).(!
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!4.4.2.(Overall(structure(of(the(CAPEGly(domain(The! structure!of! chain!A! consists!of! the! last!79! residues! (1535232)!of! the!TBC5B! protein;! the! first! two! amino! acids! of! the! construct! were! disordered.! The!numbering!of! secondary! structure!elements!and! residues!will! be!kept! consistent!with! the! full! length! protein! throughout! the! rest! of! this! chapter.! ! It! is! a! small!globular! structure! with! a! similar! fold! to! other! CAP5Gly! domains,! an! important!module!for!the!recognition!and!binding!of!microtubules!(Weisbrich!et(al.,!2007).!!
!
Figure! 4.9.! Secondary! structure! of! the! CAP5Gly! domain! of!TbTBC5B.! β5strands! in! yellow! ribbon,!coils!in!grey.!The!N5!and!C5termini!and!elements!of!secondary!structure!are!labelled.!The!‘tubulin5binding’!loop!shown!as!black!coil.!! The!fold!consists!of!five!β5strands,!β559,!forming!a!twisted!antiparallel!sheet!with!β9!parallel!to!β5.!!Strand!β8!forms!the!floor!of!a!solvent!exposed!basic!groove!(Figure! 4.9).! This! fold! is! highly! conserved! with! other! α5tubulin! C5terminal! tail!binding! CAP5Gly! domains! (Steinmetz! &! Akhmanova,! 2008).! Supporting! this!conclusion,!TbTBC5B! has! close! r.m.s.ds! to! other! known! CAP5Gly! domains! (Table!
!!
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!4.3,!Figure!4.10).!The!C.(elegans!TBC5B!CAP5Gly!domain!has!the!closest!fold!to!the!
TbTBC5B! CAP5Gly! domain! (r.m.s.d! 1.4! Å,! 79! Cαs,! Table! 4.3).! ! There! are! two!structures! in! the! PDB! of! the! C.( elegans! TBC5B! CAP5Gly! domain! (also! known! as!F53F4.3),! 1LPL! and! 1TOV,! the! latter! containing! three! extra! residues! at! the! N5terminus.!The!mouse!TBC5B!structure,!despite!having!a!higher! sequence! identity!and!being!used!for!the!molecular!replacement!calculation,!comes!further!down!the!list! of! similar!proteins.!Most!proteins! above! it! are! from!retinitis!pigmentosa!and!end!binding!protein!(RP/EB)!family,!or!CAP5Gly!subunits!of!dynactin!and!CLIPs.!
!
Figure! 4.10.! The! TbTBC5B! CAP5Gly! domain! superimposed! on! other! known! TBC5B! CAP5Gly!domains.!Structures!are!shown!in!stereo!as!tubes!coloured!by!structure:!yellow,!TbTBC5B;!cyan,!C.(
elegans!(1LPL);!pink,!mouse!(1WHG).!The!N5terminus!on!the!right!side,!C5terminus!on!the!left.!!!
Table! 4.3.! Structural! alignment! of! different! CAP5Gly! domains! with! TbTBC5B!domain!Number! Description! pdb!code! Z!! r.m.s.d.!! Lali! nres! %id!1! C.(elegans(TBC5B! 1LPL! 14.4! 1.4! 79! 95! 53!2! RP/EB!family!member! 2HLP! 14.4! 1.4! 76! 76! 37!3! C.(elegans!TBC5B! 1TOV! 14.3! 1.4! 79! 97! 53!30! Mouse!TBC5B! 1WHG! 11.5! 1.2! 73! 113! 55!!Number,! order! from!DALI! (Holm!and!Sander!1995);! Z,!DALI! Z5score;! r.m.s.d.! in!Å;! Lali,! length!of!alignment;! nres,! number! of! residues! in! structure;! %id,! percentage! identity! between! described!structure!and!TbTBC5B!CAP5Gly!domain.!!!
(
(
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!4.4.3(Conserved(residues(! Residues! conserved! over! the! TbTBC5B! CAP5Gly! domain’s! closest!homologues! were! determined! (Figure! 4.11,! see! Section! 2.3.7! for! methods).!!Homologues!were!identified!as!sequences!sharing!between!35!and!95!%!identity.!In!all,!645!homologues!were!identified!with!417!of!these!being!unique.!The!closest!150!to!TbTBC5B!were!used!to!calculate!the!residues!which!were!most!conserved.!The! score! of! conservation! is! based! on! relative! degree! of! conservation! of! each!amino!acid!position!with!score!1!being!least!conserved,!9!the!highest.!
!
Figure!4.11.!Conserved!residues!of!TbTBC5B!CAP5Gly!domain.! !Conserved!residues!of! the!closest!150!homologues.!All!surface!highly!conserved!residues!and!the!N5!and!C5termini!are!labelled.!The!residues! are! coloured! by! their! relative! conservation! using! the! key,! with! turquoise! to! maroon!indicating!variable!to!conserved.!Insufficient!data!was!determined!as!less!than!10!%!of!sequences!possessing!the!residue.!! Many!conserved!residues!are!in!a!patch!near!the!C5terminus!of!this!domain.!Asp191! and! Arg159! form! a! salt! bridge! (Figure! 4.12),! which! appears! to! be!important! for!the! fold!of! this!domain!stabilising! interactions!between!β5!and!the!beginning!of!the!loop!after!β8.! !In!addition,!hydrogen!bonds!between!Arg160!and!
!!
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!the! backbone! oxygen! of! residue! Phe227! hold! the! final! loop! in! place.! Several!glycines!(residues!170,!188,!195,!200,!215!and!225),!which!are!responsible!for!the!name!of!this!domain,!are!highly!conserved.!They!are!mostly!buried!and!contribute!to!the!fold!of!the!domain.!
!
Figure!4.12.!The!Asp191!and!Arg159!salt!bridge.!The!orientation!is!the!same!as!Figure!4.10,!right!panel.!The!main!α!trace!is!shown!as!grey!ribbon.!Hydrogen!bonds!are!shown!in!black!dashed!lines.!Conserved! residues! are! shown! as! sticks! coloured! by! atom! type:! C,! grey;! N,! blue;! O,! red.! The! C5terminus!is!labelled.!!!Residues!around!the!peptide5binding!groove!are!also!conserved!(score!659),!with!Phe216!showing!the!highest!conservation.!These!residues!form!the!floor!of!a!basic! groove! (Figure! 4.13).! In! the! human! CLIP5170! structure! (2E4H),! a!complementary!charged!acidic!α5tubulin!C5terminal!tail!peptide!binds!this!region.!!No!structures!have!been!solved!with!an!α5tubulin!tail!bound!to!a!TBC5B.!It!was!not!possible! to! co5crystallise! the!TbTBC5B! CAP5Gly! domain!with! this! peptide! either.!
!!
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!However,! the!C5terminus!of! chain!A! forms! intermolecular! contacts! in! the! crystal!lattice!with!the!basic!groove!of!the!chain!B!of!a!symmetry!related!molecule.!!
!
Figure! 4.13.! Poisson5Boltzmann! electrostatics! of! the! basic! groove! of! the! CAP5Gly! domain.!Calculated!using!APBS!(Baker!et(al.,!2001).!Calculated!potential!solvent!accessible!surface!scale!at!±5!kT/e,!blue!is!basic,!red!acidic!and!white!neutral.!The!white!arrow!indicates!the!basic!groove.!The!N5!and!C5termini!are!labelled.!!!!
4.5.!CAP@Gly!α@tubulin!tail!binding!4.5.1.!Typical(CAPEGly(αEtubulin(tail(binding(motif!CAP5Gly!domains!have!a!highly!conserved!tubulin5binding!motif;!it!is!a!loop!with!the!sequence!that!is!almost!always!GKNDG!(Steinmetz!&!Akhmanova,!2008).!The! two! flanking! glycines! produce! sharp! turns! that! push! the! loop! out! of! the!protein! surface.! ! This! motif! sits! at! the! end! of! the! basic! groove,! allowing! the!asparagine! in! position! 3! to! form! a! hydrogen! bond! with! the! C5terminal! tail! of!
!!
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!peptides!ending!EE[Y/F]!(Janke!&!Bulinski,!2011).!This!EE[Y/F]!motif! is! found!at!the! end! of! non5modified! α5tubulin! tails,! EB1! and! a! few! other! +TIP! proteins!(Steinmetz!&!Akhmanova,!2008).!Occasionally,!the!asparagine!in!the!third!position!of! the! tubulin5binding!motif! is!replaced!by!a!histidine,!such!as! in! the!Salmo(salar!sequence!or!in!some!TBC5Es.!This!is!a!change!that!does!not!have!an!apparent!affect!on!peptide!binding! (Weisbrich!et(al.,! 2007).!However,!mutating!either! residue! in!the! KN! dipeptide! to! alanines! decreased! binding! affinity! of! CLIP5170! CAP5Gly! to!ClipZn2! 505fold,! mutating! both! residues! ablating! all! binding! (Weisbrich! et( al.,!2007).!!!!4.5.2(TbTBCEB(has(a(difference(in(the(tubulinEbinding(motif(
TbTBC5B’s!CAP5Gly!domain!has!a!difference!in!the!tubulin5binding!motif;!in!the!third!position!there!is!a!glycine!instead!of!an!asparagine.!This!residue!is!unable! to! form! a! hydrogen! bond! with! the! terminal! residue! of! an! EE[Y/F]!peptide.! There! are! no! structures! of! any! TBC5Bs! bound! to! an! α5tubulin! tail!peptide.!!!4.5.3.!Chain(A’s(CEterminus(binds(a(symmetry(related(chain(B’s(basic(groove!
TbTBC5B’s! C5terminus! has! the! sequence! EVF!which! is! similar! to! the! α5tubulin! tail!EE[Y/F]!motif.!Chain!A’s!C5terminus! forms! intermolecular!contacts!with!a!symmetry!related!Chain!B!molecule!(21!axis!about!z)!binding!in!the!basic!groove!(Figure!4.15).!These!important!intermolecular!contacts!may!explain!why!constructs!without!the!C5terminus!(Chapter!2,!section!2.3.2)!did!not!crystallise.!!
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!As! the! human! CLIP5170! CAP5Gly! II! (2E4H)! domain! does! have! the! α5tubulin!tail!peptide!bound!(residues!4165451!of!α5tubulin!isoform!3)!(Mishima!
et( al.,! 2007;! Weisbrich! et( al.,! 2007),! it! can! be! used! as! an! example! of! typical!domain!substrate!interaction.!This!will!allow!for!comparison!with!the!TbTBC5B!CAP5Gly!domain!binding! its!own!C5terminus.!CLIP5170!CAP5Gly!II!shares!51!%!identity!to!TbTBC5B’s!CAP5Gly!domain.!The!fold!is!well!conserved!with!a!r.m.s.d!of!1.057!Å!over!50!Cαs!between!the!two!structures.!For!clarity!human!CLIP5170!CAP5Gly!II!will!be!known!by!its!PDB!code!2E4H!in!the!rest!of!this!discussion.!
!
Figure! 4.15.! Chain! A! C5terminus! interacting!with! the! peptide! binding! groove! of! a! symmetry!related!molecule!chain!B.!The!chain!B!main!chain!is!shown!in!grey!ribbon!style!and!residues!that!surround!the!C5terminal!tail!as!sticks!coloured!according!to!atom!type:!C,!grey;!N!blue!and!O!red.!Chain!A!shown!in!sticks!coloured!according!to!atom!type:!C!slate;!N!blue!and!O!red.!Hydrogen!bonds!shown!in!black!dashed!lines.!Residue!numbers!for!chain!A!shown!in!bold,!feint!text!chain!B.!V231!is!shown!with!two!rotomer!conformations.!G199!and!F216!are!not!labelled.!
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!! The! terminal! residue! of! Chain! A,! Phe232! makes! interactions! with! a!hydrophobic!pocket!consisting!of!chain!B!residues!Leu180,!Val201,!and!Phe216!(Figure!4.15).!!The!backbone!carboxylate!group!of!Phe233A!forms!one!hydrogen!bond! with! the! main! chain! of! residue! Phe216B! in! the! β6! strand.! The! other!carboxylate! group! makes! water! mediated! interactions! with! chain! B! residues!Asp198,!Thr200!and!Val201.!These!interactions!anchor!the!end!of!the!chain!A!C5terminus!into!the!peptide5binding!groove.!!In! contrast! to! the! TbTBC5B! structure,! the! terminal! tyrosine! of! the! α5tubulin! tail!peptide! in! the!2E4H!structure! forms!three!hydrogen!bonds.!One! is!with!Asp252!in!the!tubulin5binding!loop!that!is!conserved!in!this!structure.!The!other!two!are!with!the!main!chain!of!Phe272,! interacting!with!the!backbone!O!and!N.!!!From!the!hydrophobic!anchor!point!chain!A!then!arches!away!from!the!β6!strand,!which!forms!the!base!of!the!peptide5binding!groove!(Figure!4.15)!and!only! one! residue,! Glu320! makes! any! further! interactions.! In! contrast,! the! α5tubulin! tail!peptide!bound! to!2E4H! lies!closer! to! the!β6!strand,!similar! to!a!β5sheet!conformation!(Figure!4.16).!There!is!however!water!mediated!interaction!between!Val231A’s!backbone!and!Phe216.!Chain!A!Glu320! forms!salt!bridge!with!chain!B!Arg167.! !The!residue! in!this!position!is!not!conserved!in!the!2E4H!structure,!instead!it!is!a!lysine!which!points! away! from! the! binding! peptide.! Therefore! α5tubulin! tail! Glu450! in! the!equivalent! position! to! TbTBC5B! Glu230! does! not! form! a! salt! bridge! (Figure!4.16).!!!!Another!residue!Gln221B!interacts!with!Glu320A.!It!is!conserved!in!the!
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!trypanosomatids,!but!not!in!other!TBC5Bs!(Figure!4.20).!This!residue!also!takes!part!in!a!water5mediated!interaction!with!the!backbone!carboxylate!of!Pro228A.!The!final!interaction!chain!A!makes!as!it!leaves!the!groove!is!Asp226A!OD!makes!a!salt!bridge!with!Arg218B!NE.!
!!
Figure!4.16.!CLIP!170!CAP5Gly!domain!II!bound!to!α5tubulin!C5terminal!tail.!The!protein!main!chain! is! shown! in! grey! ribbon! style! and! residues! that! surround! the!C5terminal! tail! as! sticks!coloured! according! to! atom! type:! C! pale! pink,! N! blue! and! O! red.! The! α5tubulin! tail! peptide!shown! in! sticks! coloured! according! to! atom! type:! C! magenta;! N! blue! and! O! red.! Hydrogen!bonds!shown!in!black!dashed!lines.!Residue!numbers!for!the!peptide!shown!in!bold,!feint!text!protein.!!!!The! difference! in! the! tubulin5binding! loop! (described! in! section! 4.5.2)!allows! the!C5terminus!of! chain!A! to!bind! further!along! the!groove! than! the!α5tubulin! tail!peptide! in! the!2E4H!structure!(Figure!4.17).!This!causes!a!relative!
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!register! shift! with! Val231! side! chain! pointing! out! of! the! groove! forming! no!interactions.!The! third!position! from! the!end!of!Chain!A!Glu230! (A3! in!Figure!4.17)! is! in! the! same! position! as! the! second! from! the! end! position! of! the! α5tubulin!tail!peptide!Glu450!(P2,!in!Figure!4.17).!!This!may!explain!how!a!peptide!with!the!sequence!EVF!is!able!to!bind!when!previous!experiments!have!shown!that! EEY/F! is! the! essential! recognition! sequence! (Honnappa! et( al.,! 2006;!Steinmetz!&!Akhmanova,!2008).!
!
Figure!4.17.!Relative!positions!of! the!C5terminus!peptides.!2E4H!structure!pale!pink!cartoon,!peptide!C!atoms!are!in!magenta;!TbTBC5B!B!chain!in!white!cartoon,!chain!A!C!atoms!are!in!slate.!For!both!peptides,!O,!red;!N,!dark!blue.!Peptides,!for!clarity,!are!shown!as!backbone!except!for!prolines!and!the!C5terminus!residues.!Peptides!labelled!1!to!3!from!C!terminus,!A!for!TbTBC5B!chain!A,!P!for!2E4H!peptide.!!! In! the!TbTBC5B! structure,! Glu223! from! chain! A! β9! strand! forms! a! salt!bridge! to! Arg163! in! the! symmetry! related! chain! B! (Figure! 4.18).! This!intermolecular! interaction! may! help! orientate! or! stabilise! the! chain! A! C5terminus! towards! the! chain! B’s! peptide! binding! groove.! This! residue! is! an!aspartate! in! the! gendb! T.( brucei! 927! sequence! (Section! 4.4.1).! However,! it! is!different! in! the! sequence! that! was! cloned! and! subsequently! crystallised.! It! is!
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!annotated! as! a! glutamate! in! the! T.( brucei! 427,! T.( b.( gambiense( and! T.( vivax!strains.!It!is!expected!that!this!salt!bridge!would!still!be!possible!even!with!the!T.(
brucei!927!strain!aspartate!in!the!223!position.!!
!
Figure!4.18.!The!Arg163B!and!Glu223A!salt!bridge.!Chain!B!is!shown!in!grey!cartoon,!symmetry!related!chain!A!in!blue!cartoon.!The!two!residues!forming!the!crystal!contact!are!shown!as!sticks!coloured!by!atom!type:!C,!by!the!chain!colour;!N,!dark!blue;!O,!red.!Hydrogen!bonds!are!shown!as!black!dashed!lines.!!4.5.4.!Chain(A(does(not(bind(a(CEterminal(tail(peptide(Chain!A!does!not!form!any!interactions!with!the!C5terminus!of!any!other!molecules.! Instead,! two! formates!are!bound! to! the!basic!groove.!One! interacts!with!Arg167,!mimicking!the!interaction!between!this!residue!and!the!C5terminal!Glu230.!The!other!binds!to!Gln221.!This!residue,!in!chain!B,!interacts!with!chain!A!C5terminus!Glu230!and!P229.!
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Figure! 4.19.! Location! of! formates! interacting! with! the! peptide5binding! groove.! Chain! A! of! the!
TbTBC5B!CAP5Gly!domain!shown!as!spheres.!The!tubulin5binding!loop!is!shown!in!blue,!formates!in!red.!The!N5!and!C5termini!are!labelled.!! The!binding!of! the!C5terminus!of!Chain!A! into! the!Chain!B!binding! site!probably! represents! a! crystallographic! artefact.! As! full! length( TbTBC5B! and!
TbTBC5B! CAP5Gly! domain! polypeptides! elute! from! gel! filtration! columns! as!monomers.! If! the! C5terminal! tail! interaction! was! mediating! dimerisation! it!would!be!expected!that!the!full!length!and!polypeptides!of!the!CAP5Gly!domain!that! extend! to! cover! the! entire! C5terminus! would! elute! as! dimers.! The!polypeptides!of!the!CAP5Gly!domain!that!lacked!the!C5terminal!residues!(Section!2,! Table! 2.4)! would! be! the! only! polypeptides! that! would! elute! as!monomers.!However!as! all!polypeptides!elute!as!monomers!under! these! conditions! (Tris5
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!HCl! pH! 7.5,! 250! mM! NaCl! or! NaBr)! the! C5terminal! peptide! affinity! for! the!binding!groove!was!too!low!to!cause!dimerisation.!!It! was! not! possible! to! observe! binding! between! the! full! length! TbTBC5B!protein! and! a! six! amino! acid! α5tubulin! C–terminal! tail! peptide! using! isothermal!titration!calorimetry!(data!not!shown).!CAP5Gly!domain! interactions!with!tubulin!and!tubulin!tail!peptides!are!often!of!moderate!affinity!(2520!μM),!but!measurable!by!ITC!(Steinmetz!&!Akhmanova,!2008).!The!lack!of!observable!binding!could!have!been!due!to!the!difference!in!the!tubulin5binding!loop!decreasing!the!affinity!of!the!interaction.! Alternatively,! the! peptide5binding! groove! could! have! been! already!occupied!by!the!protein’s!own!C5terminus,!inhibiting!the!interaction.!!4.5.5.!Unique(features(of(trypansomatid(TBCEBs(All! trypanosomatids! have! changes! in! the! tubulin5binding! motif! of! TBC5B!(Figure! 4.20).! In! addition,! Giardia! lamblia! and! G.( intestinalis! both! show!perturbations! of! the! tubulin5binding! motif.! Other! closer! related! protists! to! the!trypanosomatids!contain!the!more!conserved!GKNDG!tubulin5binding!motif.!!!!
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Figure! 4.20.! The! amino! acid! sequence! of! CAP5Gly! domains! of! putative! TBC5Bs! from! different!species.! The! tubulin5binding! loop! is! shown! in! the! red! box.! Boxes! coloured! by! number! of!conserved! residues! out! of! the! 12! sequences! shown:! Light! grey,! 859;! dark! grey,! 10;! black! boxes!>11.! Secondary! structure! is! shown,! yellow! arrows! β5sheets.! Downward! pink! arrows,! residues!interacting! with! C5terminus! in! Figure! 4.15.! Pink! star,! residue! 221! which! is! E! in! the! solved!structure.!Pink!box,!C5terminal!residues!that!mimic!the!α5tubulin!tail.!!! All!members! of! the! trypanosomatids,! in! addition! to! having! differences! in!the! tubulin5binding! motif,! have! C5terminal! tails! that! are! similar! to! α5tubulin!(Figure!4.21).!The!accepted!CAP5Gly!domain!recognition!sequence!of!the!α5tubulin!C5terminal! tail! is! EEY/F! (Steinmetz! &! Akhmanova,! 2008).! T.( cruzi! and! T.( vivax!match!this!consensus!sequence!exactly.!T.(b.(gambiense!(not!shown)!and!T.(brucei!427! have! EMF,! this! is! not! a! known! CAP5Gly! binding! sequence.! However,! the!structure! discussed! here! shows! that! the! residue! in! the! 52! position! from! the! C5terminus! points! out! of! the! peptide5binding! groove.! As! it! makes! no! binding!interactions! its! identity! is!not! important!when! considering! if! the!C5terminus! can!bind.!!
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Figure!4.21.!Tubulin5binding!loop!and!C5terminal!sequences!of!trypanosomatid!TBC5Bs.!Numbers!given!are!for!residues!in!the!TbTBC5B!structure.!!
Leishmania( spp.,! except! for! L.( brazilienses,! have! QEY! as! their! C5terminal!sequence.!They!also!have!serine!or!cysteine!in!the!third!position!of!their!tubulin5binding!loop.!Perhaps!these!residues!can!bind!to!the!terminal!tyrosine,!more!like!the! typical! interaction! between! α5tubulin! tyrosine! and! the! third! position!asparagine.! This! would! allow! the! 52! position! glutamate! to! interact! with! the!conserved!asparagine!(residue!167!in!the!TbTBC5B!structure).!However,! the! serine! and! cysteine! in! the! third! position! of! the! tubulin5binding!motif!would!be!able!to!hydrogen!bond!with!the!terminal!tyrosine!placing!the! peptide! in! a! similar! position! to! that! seen! in! the! 2E4H! structure.! This!would!allow!the!52!position!glutamate!from!the!C5terminus!to!form!a!salt!interaction!like!the!53!position!glutamate!in!the!T.(brucei(structure.!!!4.5.6.!T.(brucei(lacks(any(other(CAPEGly(domains!TBC5B!and!TBC5E!both!have!some!of!the!most!conserved!CAP5Gly!domains!between! different! species! (Steinmetz! &! Akhmanova,! 2008).! This!may! be! due! to!their! important! roles! in! tubulin!biogenesis! (Steinmetz!&!Akhmanova,!2008).!The!CAP5Gly! domain! of! TBC5E! also! usually! contains! a! GKNDG! tubulin5binding!motif.!
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!However,! in!Giardia! TBC5E! sequences! also! have! a! change,! from! asparagine! to! a!tyrosine,!in!the!third!position!of!the!tubulin5binding!motif.!!!In!T.( brucei! the! closest!homologue! to!human!TBC5E! is!Tb927.3.2680.!This!gene!encodes! for! a!530!amino!acid!protein! that!has!24!%! identity! to! the!human!TBC5E.! It! contains! a! leucine! rich! repeat! (LRR)! linker! region! and! then! an! Ubl!domain.! However,! it! does! not! contain! a! CAP5Gly! domain.! Mammals! have! a!paralogue! to! TBC5E,!which! does! not! contain! a! CAP5Gly! domain.! Instead,! as!with!
TbTBC5E,!it!starts!at!the!LRR!and!then!has!a!Ubl!domain.!This!protein!is!known!as!E5like,! due! to! its! similarity! to! TBC5E,! but! it! is! unable! to! compensate! for! TBC5E!(Bartolini!et(al.,!2005;!Mishima!et(al.,!2007).! Instead!of!being! involved! in! tubulin!biogenesis,!it!is!involved!in!tubulin!degradation!(Bartolini!et(al.,!2005).!!However,!the!fission!yeast!TBC5E!homologue,!Alp21,!does!not!contain!a!CAP5Gly!domain!but!is!still!functional!(Radcliffe!et(al.,!2000;!Bartolini!et(al.,!2005).!Further! investigations!revealed!no!other!CAP5Gly!domains! in! the!T.(brucei!translated!genome,!even!in!proteins!that!usually!contain!CAP5Gly!modules,!such!as!kinesins!and!CYLD.!Perhaps!this!form!of!interaction!between!the!α5tubulin!tail!and!CAP5Gly! domains! is! not! required! in! trypanosomes,! or! some! other! module!compensates!for!this!function.!!!
4.6.!Missing!structural!information!It! has! not! been! possible! to! obtain! any! structural! information! between!residues!89!and!153!of!the!two!domains.!Crystals!of!the!full5length!protein!did!not!diffract! and! different! constructs! that! extend! into! this! unknown! region! did! not!crystallise.! In! order! to! investigate!whether! this! linker! region!was! disordered! or!
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!contained! any! secondary! structure! elements,! another! technique,! circular!dichroism!(CD)!was!employed.!
!
Figure!4.22.!!Ribbon!diagram!of!the!two!domains!of!TbTBC5B.!Ubl!domain!β5strands!coloured!light!blue,!α5helix! in!pink;!CAP5Gly!domain! coloured!as!β5strands! in!yellow.!The!N5! and!C5termini! and!elements!of!secondary!structure!are!labelled.!The!orientation!between!the!two!domains!depicted!is!arbitrary.!!!!! CD!was!performed!on!the!full!length!TBC5B!by!Dr.!Sharon!Kelly!(University!of!Glasgow).!Far!and!near!UV!CD!are!shown!in!Figure!4.23.!The!far!UV!spectra!can!be! used! to! estimate! the! overall! secondary! structure! of! the! protein! as! different!
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!secondary! structure! elements! have! characteristic! shapes! (Whitmore! &! Wallace,!2008).!The!spectra!show!that!there!is!a!low!α5helical!content!of!approximately!10!%.!It! is!estimated!that!β5strand!content!is!around!36!%!with!32!%!of!the!protein!containing!some!other!structural!element,!such!as!polyproline!type!helices,! turns!and!loops.!
!
!
Helix1! Helix2! Strand1! Strand2! Turns! Unordered! Total!0.031! 0.067! 0.238! 0.122! 0.218! 0.323! 0.999!!
Figure! 4.23.! CD! results! of! the! full! length! TbTBC5B.! Experimental! far! UV! data! (green)! and!reconstructed!model!(blue),!the!difference!between!the!model!and!data!in!purple.!Delta!epsilon!in!millidegrees!!M51!cm51;!wavelength!in!nm.!! Helices! present! in! the! Ubl! domain! take! up! 16! of! the! 232! residues! of! the!entire! full5length!protein,!which! is!about!7!%!of! the!sequence.!Several!secondary!
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!structure!prediction!programs!(Netsurf,!Petersen!et(al.,!2009;!PsiPred,!Buchan!et(
al.,!2010;!Jpred,!Cole!et(al.,!2008!and!PHYRE,!Kelley!&!Sternberg,!2009)!were!used!to!calculate!what!is!present!in!this!missing!region.!PHYRE,!in!addition!to!secondary!structure!prediction,! is!a!homology!modelling!program.!The!program!was!unable!to!produce!a!model!for!the!interdomain!region.!! There! is! some! variation! between! each! prediction! program,! however! the!consensus!is!that!there!is!an!α5helix!between!residues!1165123,!which!is!4!%!of!the!structure.! With! the! known! helices! this! makes! up! the! calculated! 10! %! helical!content.! No! β5strands! were! predicted! in! this! region! with! the! exception! of! two!residues!at! the!beginning!of! the!sequence!by!PsiPred,!however! this!was!at!a! low!confidence! score! of! between!1! and!2! (0!being! the! lowest! confidence! level,! 9! the!highest).!The!mouse!TBC5B!CAP5Gly!domain!NMR!structure!(1WHG)!covers!a!slightly!larger!region!of!the!protein,!extending!back!by!23!residues!into!the!region!that!is!missing! in!TbTBC5B.!This!extended!region! is!α5helical,!however! the! identity!with!the!TbTBC5B!is!low,!only!22!%.!Therefore,!with!this!low!identity!and!the!results!of!the!prediction!software!it!is!unlikely!that!the!trypanosomatid!protein!would!have!an!α5helix!in!this!region!as!well.!Interpretation!of! the!CD!spectra! indicates!β5strands!make!up!36!%!of! the!full5length! structure,! however! the! β5strand! content! of! both! domains! together!equals!21!%,! a! shortfall! of! 15!%! (approximately!34! residues).!Nevertheless,! this!count!does!not!include!small!β5strand!regions!of!two!residues,!which!are!present!in!the!loops!of!the!CAP5Gly!domain.!When!β5strand!is!annotated!by!characteristic!Φ!and!!Ψ!angles!alone!(around!5140°!and!130°)!the!calculated!content!increases!to!
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!30!%.!These! regions!were!not!deemed! large! enough! to!be! assigned!as!β5strands!but!are!likely!to!have!similar!spectral!signatures.!!!
4.7.!Conclusions!Structures!of!the!Ubl!and!CAP5Gly!domain!of!TbTBC5B!were!solved!to!2.32!and! 1.6! Å! respectively.! These! structures! represent! the! first! protist! TBC5B!structures! available.! ! It! was! not! possible! to! solve! the! full! length! structure,! as!although!crystals!were!obtained,!they!did!not!diffract.!Further!attempts!to!extend!structural! information! into! the! missing! linker! region! were! also! unsuccessful.!However,! it!was! calculated! that! the!missing! linker! region! is!mostly!unstructured!except!for!a!small!region!of!α5helical!content.!In!order!to!determine!the!orientation!of! these! two! domains! to! each! other! and! if! the! linker! is! flexible,! electron!paramagnetic! resonance! (EPR),! single! molecule! fluorescence! resonance! energy!transfer! (smFRET)! or! small5angle! X5ray! scattering! (SAXS)! could! be! employed.!However,!due!to!time!restraints,!this!was!beyond!the!scope!of!this!project.!The! fold! of! the! Ubl! domain! is! highly! conserved,! despite! low! sequence!identity!between!this!sequence!and!other!TBC5Bs.!Due!to!this!low!similarity!it!was!not! possible! to! determine! which! residues! are! important! for! complex! formation!between!this!protein!and!other!cofactors!or!tubulin.!!In!the!crystal!structure!the!C5terminal!tail!of!the!CAP5Gly!domain!binds!into!the!peptide5binding!groove!of!a!symmetry!related!molecule.!This!is!the!first!TBC5B!structure! to! contain! any! peptide! bound! to! this! region.! ! Although! this! is! most!probably!a!crystal!artefact!it!allows!for!the!examination!of!binding!groove!and!its!differences.! The! binding! scheme! differs! from! that! seen! in! the! homologous! CLIP5
!!
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!170!CAP5Gly!II!domain!bound!to!α5tubulin!tail!peptide.!This!appears!to!be!due!to!a!difference! in! the! β75β8! tubulin5binding! loop,! it! contains! a! glycine! in! the! third!position!of!the!usually!highly!conserved!‘GKNDG’!sequence.!This!difference!allows!the!C5terminus!of!this!molecule!to!bind!further!in!the!groove.!!All! trypanosomatids!have!changes!in!the!β75β8!tubulin5binding!loop.!They!also!all!have!C5terminal!sequences,!which!are!similar!or!identical!to!the!α5tubulin!C5terminal! tail.! No! other! CAP5Gly! domains! were! identified! in! the! trypanosome!genome.! The! C5terminal! tail! of! α5tubulin! contains! a! terminal! tyrosine.! This!provides! the! consensus! sequence! for! CAP5Gly! domains! which! is! EE[Y/F].!Posttranslational! removal! of! this! tyrosine! by! a! as! yet! unidentified!carboxypeptidase! prevents! the! recognition! of! the! α5tubulin! by! CAP5Gly! domains!(Radcliffe!et(al.,!2000;!Peris!et(al.,!2006).!This!can!be!used!to!separately!regulate!different!subpopulations!of!microtubules.!T.(brucei,!despite!only!having!one!CAP5Gly! domain,! which! may! not! be! able! to! interact! with! the! α5tubulin! tail,! still!possesses!a!TTL!(Section!6.4).!What!role!detyrosination!plays!in!these!parasites!is!also! under! question.! Are! there! other! protein! modules! that! recognise! the!tyrosination!state!of!the!α5tubulin!tail?!
!
4.8.!Future!work!It!was!not!possible! to! show!an! interaction!between! the!TbTBC5B!CAP5Gly!domain!and!α5tubulin!tail!peptides,!but! the!domain!does! interact!with! its!own!C5terminus.!It!would!be!interesting!to!determine!if!this!protein!still!interacts!with!α5tubulin! through! other! residues! on! the! CAP5Gly! or! Ubl! domain.! The! fission! yeast!TBC5B!homologue!Alp11!can!interact!with!α5tubulin!through!its!TBC5B!Ubl!domain!
!!
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!alone!(Radcliffe!&!Toda,!2000),!perhaps!TbTBC5B!is!the!same.(Several!residues!in!the!Ubl!domain!have!been!identified!as!conserved.!However,!it!is!currently!unclear!whether! they!mediate! protein5protein! interactions,! and! if! those! interactions! are!with!α5tubulin.!!Human!TBC5B!will!not!interact!with!microtubules!or!tubulin!alone!(Peris!et(
al.,! 2006;! Kortazar! et( al.,! 2007).! TBC5B! only! recognises! quasi5folded! α5tubulin!(Tian!et(al.,!1997;!Kortazar!et(al.,!2007).!The!quasi5folded!state!can!be!produced!by!addition!of!TBC5D!to!tubulin,!causing!the!capture!of!β5tubulin.!The!free!α5tubulin!then!degrades!into!the!quasi5folded!state!that!can!be!recognised!by!TBC5B!(Tian!et(
al.,!1997;!Kortazar!et(al.,!2007).!TBC5E!can!also!be!used!to!remove!α5tubulin!from!the!tubulin!dimer,!which!also!allows!for!TBC5B!binding!(Tian!et(al.,!1997;!Kortazar!
et(al.,!2007).!!In!preliminary! studies!TbTBC5B!has! shown!no!association!with! tubulin!or!microtubules! (data! not! shown).! It! also! does! not! cause! microtubule!depolymerisation,! which! would! be! a! consequence! if! it! were! able! to! sequester!tubulin! or! destabilise! the! microtubule! lattice! (Dr.! Rachel! Morgan,! private!communication).! Therefore! to! study! if! TbTBC5B! can! bind! to! α5tubulin,! a! quasi5folded!α5tubulin!intermediate!would!need!to!be!generated.!This!could!be!achieved!by!generating!this!quasi5folded!tubulin!de(novo!with!CCT,!creating!it!by!using!TBC5D!to!complex!and!remove!β5tubulin!from!tubulin!heterodimers!or!using!TBC5E!to!complex!and!remove!α5tubulin!away!from!the!heterodimers.!The!last!experiment!is!the! simplest! technically! to! perform! as! human! TBC5E! has! previously! been!generated! using! a! recombinant! expression! system! (Kortazar! et( al.,! 2006;! 2007).!Whilst! CCT! is! a! large! eight! subunit! complex! and!TBC5D! is! a! large! protein! (>130!
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!kDa)! that! have! only! been! obtained! from! endogenous! sources! (Tian! et( al.,! 1997;!Muñoz!et(al.,! 2011).!This!would!be!difficult! to!achieve!with!T.(brucei! as! a! source!material.!!Human! TBC5E! has! been! produced! in! a! baculovirus! expression! system!(Kortazar!et(al.,!2006).!The!generation!of!TbTBC5E!would!allow!for!the!creation!of!quasi5folded! α5tubulin! for! TbTBC5B! binding! studies.! In! addition,! it! would! be!interesting! to! investigate! if! TbTBC5E’s! lack! of! the! CAP5Gly! domain! caused! any!difference!in!its!function!or!dynamics.!!! !!
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5.!TRYPANOSOMA*BRUCEI!HISTONE!DEACETYLASE!4!!
RESULTS!AND!DISCUSSION!
5.1.!Aims! !Deacetylation!is!an!important!post2translational!modification!(Peng!&!Seto,!2011).!It!has!been!most!studied!in!the!context!of!a!histone!regulation,!but!recently!this! has! been! shown! to! be! important! modification! for! other! substrates! such! as!tubulin!(Schemies!et(al.,!2009).!The!structures!of!several!enzymes!responsible!for!the!deacetylation!of!histones,!of!which! tubulin!deacetylases!are! family!members,!have!already!been!determined!(Finnin!et(al.,!1999;!Somoza!et(al.,!2004;!Bottomley!
et( al.,! 2008;! Dowling! et( al.,! 2008;! Schuetz! et( al.,! 2008).! However,! there! are! no!structures!of!any!tubulin!deacetylases,!or!any!deacetylases!of!either!substrate!from!protists.! Therefore! the! identity! of! a! tubulin! deacetylase! in! T.( brucei! was!investigated! and! attempts! were! made! to! produce! material! to! allow! for!biochemical;! characterisation,! crystallisation! experiments! and! ultimately! the!elucidation!of!a!tubulin!deacetylase!structure.!!!!
!
5.2.!Identifying!a!putative!tubulin!deacetylase!in!Trypanosoma*brucei!The! T.( brucei( genome! encodes! seven! potential! histone! deacetylase!(HDAC)!genes.!Although!annotated!as!putative!histone!deacetylases!only!DAC1!and!DAC3!have!been!shown!to!have!any!deacetylase!activity!towards!histones.! !Three!of! these! sequences! share! between! 36247! %! identity! with! human! HDAC1! and!belong! to! the! histone! deacetylase! class! I.! Three! proteins! are! class! III! NAD+2dependent! S.( cerevisiae! Sir2! homologues,! two! of! which! are! localised! to! the!mitochondrion.!One!has!been!shown! to!be! involved! in!DNA!repair!and! telomeric!gene! silencing! (Alsford! et( al.,! 2007),! therefore! it! is! likely! to! be! a! histone!
!!
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!deacetylase.! The! final! gene,!Tb927.5.2900,! encodes! for! a! protein! that! shares! the!greatest! similarity!with! human!HDAC6! isoform!CRA_b! (33!%)! and! other! class! II!deacetylases.! The! T.( brucei! protein! also! shares! 31! %! identity! to! the! recently!described!HDAC5!tubulin!deacetylase!(Cho!&!Cavalli,!2012).!HsHDAC6,!is!a!known!α2tubulin! deacetylase! (Yang! &! Seto,! 2008),! it! is! a! large! protein! with! an! HDAC!domain! duplication,! cytoplasmic! retention! domain! and! a! zinc! finger! domain!(Figure!5.1).!TbHDAC4!shares!the!greatest!homology!to!the!most!divergent!of!the!
HsHDAC6!HDAC!domains,!but!lacks!any!additional!domains!present!in!the!human!protein.!TbHDAC4!is!the!only!class!II!HDAC!in!trypanosomes!that!is!predicted!to!be!located!in!the!cytoplasm!(Wang!et(al.,!2010)!and!it!is!a!most!promising!candidate!as!a!tubulin!deacetylase.!!
!
Figure! 5.1.! Schematic! of! HDAC! proteins! in! S.( cerevisiae( (Sc),! human! (Hs)! and! T.( brucei( (Tb).!Percentage! identity! and! similarity! of! each! HDAC! domain! to! ScHda1! is! shown.! Domains:! HDAC!histone!deacetylase;!SE14,! cytoplasmic!anchoring;!BUZ,!binder!of!ubiquitin!zinc! finger;!aa,! amino!acids!.!
!
5.3.!Cloning,!expression!and!purification!of!TbHDAC4!A!TOPO!construct!of!the!gene!Tb927.5.2900,!amplified!from!T.(brucei!(strain!927)!genomic!DNA,!was!obtained!from!Dr.!Thomas!Eadsforth!and!subcloned!into!pET15b2TEV.!An! E.( coli! expression! system! for! a! histidine2tagged! full! length! TbHDAC4!(Tb927.5.2900)!was! constructed.! IMAC!was!used!as! the! first! step! in!purification.!
!!
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!High2resolution!analytical!gel! filtration!was!used! in! the! final!stage!of!purification!and!a!peak!indicating!a!monomer!was!eluted.!However,!the!protein!was!not!pure!as!evident!by!SDS!PAGE;!a!major!contaminant!at!40!kDa!was!present!(Figure!5.2,!pink!box).!This!was!sent!for!mass!spectrometry!following!tryptic!cleavage!and!the!peptides!identified!suggested!that!this!band!was!a!degradation!product.!!
!
Figure!5.2.! Gel! filtration! trace! of!TbHDAC4.! The! blue! line! represents! absorbance! at!UV!280!nm.!Inset,! a! SDS! PAGE,! overloaded! to! aid! visualisation! of! contaminates! and! degradation.! One! of! the!bands!boxed!in!pink!was!cut!out!and!digested!with!trypsin!and!sent!for!mass!spectrometry.!!
5.4.!Identification!of!degradation!Several!peptides!were!identified!from!mass!spectrometry!following!tryptic!digest,! they! matched! the! TbHDAC4! sequence! and! sequence! areas! covered! are!shown! highlighted! in! Figure! 5.3.! The! N2! and! C2terminus! of! the! protein! are!well!covered,!whilst!the!centre!of!the!protein!is!missing.!This!could!have!represented!a!missing! linker! region! between! two! domains! as! with! TbTBC2B! (Section! 4),! or!perhaps!surface!loops!that!have!undergone!proteolytic!cleavage.!
!!
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*
Figure! 5.3.! TbHDAC4! sequence! with! predicted! secondary! structure! and! mass! spectrometry!peptides.!Helices,!violet!cylinders;!strands,!blue!arrows.!Recovered!peptides!are!highlighted!in!light!blue.!!Homology!model!features!are!indicated:!start!and!end,!pink!stars;!regions!not!included!in!the!model,!upward!arrows!and!dotted!lines;!model!break,!hollow!stars.!Line!indicates!start!described!by!Edman!sequencing.!!! A! homology! model! of! TbHDAC4! was! created! using! the! PHYRE2! server!(Kelley! &! Sternberg,! 2009)! using! HsHDAC4! (PDB! code! 2VQJ)! as! the! template!protein.!HsHDAC4!is!a!class!II!HDAC!with!a!sequence!identity!to!TbHDAC4!of!32!%.!The! model! produced! had! a! coverage! level! of! 57! %,! which! covered! the! HDAC!domain,!and!this!secondary!structure!was!predicted!with!100!%!confidence.!! The!homology!model! covers! from!1092517! (pink! stars!Figure!5.3),!with! a!few!areas!not!included!(upward!arrows!and!dotted!lines,!Figure!5.3).!There!is!one!break! in! the! sequence! (residue! 499),! which! results! in! the! final! helix! modelled,!impossibly,! on! the! opposite! side! of! the! protein! from! the! last! residue! in! the!sequence.! However,! from! inspection! of! the! model! and! HsHDAC4! structure,! the!preceding!coil! to! the! final!helix!probably! loops!around! to! join! these!regions.!The!rest!of!the!predicted!structure!is!plausible!and!displays!a!typical!HDAC!layered!α2β2α!fold,!with!a!central!parallel!β2sheet!comprised!of!seven!β2strands.!This!forms!a!
!!
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!globular! structure,! consistent! with! the! template! used! and! other! known! HDAC!structures.!
*
Figure! 5.4.! TbHDAC4! homology! model.! ! The! model! is! shown! in! ribbons,! parts! of! the! protein!detected!with!mass!spectrometry!are!coloured!blue,!unidentified!areas!are!in!grey.!Three!views!are!shown,!rotated!180°!around!the!lines.!The!N2!and!C2termini!are!labelled.!The!break!at!residue!499!is!marked!with!red!stars,!areas!where!residues!have!been!skipped!are!marked!in!red.!! These! results! could! indicate! that! the! band! contained! mixed! species,! one!with!degradation!from!the!N2terminus!and!another!species!with!degradation!from!the!C2terminus.!The!high!coverage!could!also!be!due!to!the!high!sensitivity!of!the!machine!used,! perhaps!picking!up! small! amounts! of! contamination! from! the! full!length! protein.!Due! to! these! ambiguous! results! it!was! not! possible! to! determine!
!!
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!what! parts! of! the! protein!were! being! degraded.! Therefore! it!was! not! feasible! to!design!a!new!construct!that!could!express!a!stable!protein!core.!!5.4.1!Edman(sequencing(Due! to! the! ambiguous! nature! of! the!mass! spectrometry! following! tryptic!digest!results! the!same!protein!band!was!sent! for!N2terminal!Edman!sequencing.!During! this! process! stain! free! gels! were! utilised! which! revealed! a! second! band!underneath!the!top!60!kDa!band.!This!was!also!sent!for!Edman!sequencing.!! The! top! band’s! N2terminus! was! identified! as! starting! at! the! peptide!AHGRQ[K/R]D[K/R].! The! mass! spectrometry! machine! used! cannot! distinguish!between!lysine!and!arginine.!Nevertheless,!this!allows!a!clear!assignment!of!the!N2terminus!starting!at!residue!12!(red!line,!Figure!5.3).!The!40!kDa!band!(pink!box,!Figure! 5.2)! did! not! produce! any! sequencing! results.! This! could! be! due! to! a!modification!occurring!at!the!N2terminus!after!degradation!or!a!mixed!population!of!different!peptides.! It!was!unlikely! to!be!due! to!a!calibration!or!other! technical!errors!with!the!sequencer!as!this!sample!was!run!in!between!calibration!and!the!successful!top!band!(David!Cambell,!personal!communication).!
!
5.5.!Differential!scanning!fluorimetry!buffer!screen!Differential! scanning! fluorimetry! (DSF)!was!performed! to! identify! different!buffer! systems,! which! may! increase! stability! of! this! protein! and! decrease!degradation.! Protein! stability! is! determined! by! the! temperature! at! which! the!sample!unfolds,!the!higher!the!temperature!the!greater!the!stability.!Upon!protein!unfolding! hydrophobic! residues!within! the! protein’s! core! become! exposed.! This!can! be! measured! using! a! dye! which! fluoresces! when! it! binds! to! hydrophobic!
!!
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!residues! (Phillips! &! la! Peña,! 2011).! A! clear! melting! curve! was! obtained! which!indicated!a!folded!protein!(Figure!5.3).!A!slight!(1.5!°C)!thermal!shift!was!obtained!for!three!conditions:!50!mM!PIPES!pH!7.0;!50!mM!PIPES!pH!8.0,!150!mM!NaCl!and!50!mM!imidazole!pH!7.0.!
!
Figure! 5.5.! DSF! trace! of! representative! melting! curves! of! the! protein! reference! (blue)! and! the!sample!with!PIPES!buffer!added!(pink).!!Usually,!a!thermal!shift!cut!off!of!2!°C!is!used!as!lab!experience!is!that!a!shift!of! less! than! this! is! rarely! significant;! however! as! 1.5! °C! was! the! greatest! shift!observed!and!only!for!three!conditions,!a!combination!of!these!buffers!(Table!5.1)!was!selected!for!future!purifications.!However,!this!did!not!prevent!or!decrease!the!appearance!of!the!degradation!product.!
!
Table!5.1.!Alternate!purification!buffers!Buffer!Name! Ingredients!Buffer!A! 50!mM!PIPES!pH!7.5,!150!mM!NaCl!Buffer!B!(elution!buffer)! 50!mM!PIPES!pH!7.5,!150!mM!NaCl,!1!M!imidazole!Gel!filtration!buffer! 50!mM!PIPES!pH!7.5,!150!mM!NaCl,!250!mM!imidazole!
!!
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!
5.6.!Alternative!residue!ranges!Two! constructs! of! different! truncated! proteins! (1012526! and! 101! to! the!586)! were! designed! in! search! of! a! more! amenable,! stable! core! of! the! HDAC!domain;!they!were!designed!based!on!PsiPred!(Buchan!et(al.,!2010)!predictions!of!secondary! structure! and! Globplot! ! (Linding! et( al.,! 2003)! analysis.! The! residue!range!with!only!the!N2terminus!removed!(101!to!586)!expressed!soluble!material!(Figure!5.4)!and! is!discussed!below.!An!N2!and!C2terminal! truncated!polypeptide!(1012526)!gave!a!poor!yield!and!precipitated!out!of!solution!as!it!was!eluted!from!the!first!IMAC!column!and!will!not!be!discussed!further.!
!
Figure!5.6.!Purification!of!TbHDAC4!truncated!construct!(52!kDa).!Gel!filtration!UV!280!nm!trace!showing! the!protein!eluting!as!a!monomer.! Inset,! SDS!PAGE! following! the!purification!steps.!The!target! protein! indicated! by! an! arrow! to! the! appropriate! band.! Ni1,! IMAC! column! 1;! Ni2,! IMAC!column!post!cleavage;!P,!insoluble!fraction;!SN,!crude!soluble!fraction;!FT,!unbound!fraction!of!first!IMAC!column;!HR,!histidine!rich!protein!peak;!B13,!B14,!B15!fractions!from!Ni1;!PC,!post!cleavage!sample;!P1,!P2,!peaks!from!Ni2;!GF,!sample!straight!off!the!gel!filtration!column,!1,!16!hrs!at!4!°C;!2,!16!hrs!at!4!°C!with!tetramethylethylenediamine,!16!hrs!4!°C,!3;!4!weeks!at!4!°C.!
!!
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5.7.!Degradation!problem!Both! constructs!undergo! time!dependent!degradation!within!122!hours!of!the!protein!being!eluted!from!the!gel!filtration!column!(data!not!shown).!Figure!5.4!lanes! labelled! 1,! 2! and! 3! show! the! appearance! of! a! lower! mass! polypeptide!resulting! from! degradation.! It! was! unclear! whether! the! degradation! was! being!caused! by! low2level! contamination! of! proteolytic! enzymes! or! self2proteolysis.!Examination!of!the!deacetylase!reaction!(Figure!5.7)!shows!that!this!enzyme!does!cleave! an! amide! bond;! therefore! self2proteolysis! is! a! possibility.! Also,! several!structures!of!class!II!HDACs!such!as!the!many!HsHDAC8!structures!with!different!ligands! (PDB! codes:! 2V5X,! 2V5W,! 1T69,! 1T64,! 1VKG,! 1T67,! 1W22,! 3SFF,! 3SFH,!3M25)! show! that! the! HDAC! active! site! possesses! flexibility! as! conformational!changes!occur!upon!the!binding!of!different!ligands!(Dowling!et(al.,!2008).!!
!
Figure!5.7.!Proposed!mechanism!of!deacetylation!based!on!HDAC8!(Dowling!et(al.,!2008).!Residue!numbering!based!on!the!TbHDAC4!sequence.!!
!!
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!
Figure!5.8.! Known!Class! I! and! II!HDAC! inhibitors:! a,! SAHA;! b,! scriptaid;! c,! oxamflatin;! d,! TSA;! e,!phenylbutyrate!acid;!f,!MC!1295.!Protein! degradation! can! be! caused! by! protease! contaminants,! therefore!double! the! standard! amount! of! proteolysis! inhibitor! tablets! were! added! during!lysis!of!the!cells.!However,!this!did!not!prevent!or!decrease!the!degradation.!Class!I!and!II!HDACs!are!zinc2dependent!proteins.!Attempts!to!supplement!zinc!were!explored!in!case!the!degradation!was!caused!by!instability!of!the!protein!due!to!lack!of!this!ion.!Zinc!chloride!(0.5!mM)!was!added!directly!into!the!growth!media,!which!resulted!in!low!cell!mass!and!subsequently!low!protein!production.!In!order!to!avoid!poisoning!the!cells,!zinc!chloride!(0.5!mM)!was!added!instead!to!the!lysis!buffer,!which!caused!precipitation!of!the!protein.!Addition! of! several! known! class! I! and! II! HDAC! inhibitors! (Figure! 5.8)!(Bertrand,! 2010)! before! the! gel! filtration! step! of! purification! did! not! prevent!degradation!occurring.!!!!
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5.8.!Active!site!mutations!As! class! II!HDACs! contain! a! zinc! ion! essential! for! catalytic! activity,! it!was!hypothesised!that!mutations!in!residues!involved!in!its!coordination!could!prevent!any! potential! self2proteolysis.! Aligning!TbHDAC4! against! human! zinc! dependent!HDACs! whose! structures! are! known,! such! as! HsHDAC4! (PDB! code! 2VQJ)! and!
HsHDAC8!(PDB!code!1T64),!identified!active!site!residues!(Figure!5.9).!!
!
Figure!5.9.!Sequence!alignment!of!TbHDAC4!HDAC!domain!against! the! two!closest!human!HDAC!homologues.! Active! site! residues! are! indicated! with! downward! red! triangles.! Residue! boxes!coloured!by!conservation:!black,!100!%;!grey!>66!%.!!The! homology!model! described! earlier! in! Section! 5.4,! was! superimposed!upon!the!structure!of!HsHDAC8!bound!to!SAHA!(PDB!code!1T69).!Despite!the!low!sequence! identity!(24!%),!residues! in!the!active!site! involved! in!coordinating!the!zinc!ion!and!the hydroxamic!acid!group!of!HsHDAC8’s!inhibitor!were!predicted!to!be!the!same!(Figure!5.10).!Although!residue!474!in!the!TbHDAC4!homology!model!is!also!a!tyrosine,!as! in!the!HsHDAC8!structure,! it!was!flipped!out! into!a!different!orientation!away!from!the!active!site.!This!is!unlikely!to!represent!a!real!difference!and!is!probably!due!to!the!limitations!of!homology!modelling!at!these!low!identity!levels.!!
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Figure!5.10.!Overlay!of!TbHDAC4!onto!the!active!site!of!HsHDAC8!bound!to!SAHA.!For!clarity!only!side!chains!are!shown,!as!sticks.!Sticks!are!coloured!by!atom!type!C,!green!for!HsHDAC8,!blue!for!
TbHDAC4!and!orange! for!SAHA;!N,!blue!and!O,! red.!The!grey!sphere! is!a!zinc! ion.!Dashed!yellow!lines!represent!potential!hydrogen!bonds!and!metal!coordination.!!Residue!labels!in!bold!are!for!the!
TbHDAC4!structure,!pale!labels!are!for!residues!in!the!HsHDAC8!structure.!!
!
5.9.!Preliminary!mutation!construct!results!Two! residues,! His333! and! Asp331,! which! coordinate! the! zinc! ion! were!chosen! for! initial! mutagenesis! experiments.! The! histidine! was! changed! to! an!alanine! and! the! aspartate! to! a! leucine.! The! mutated! protein! was! produced! and!purified! in! a! standard!Tris! and! then!PIPES!buffers! (described!previously).!There!was! no! difference! in! purification! outcome! between! buffers! used.! The! wild2type!protein! eluted! in! one! clear! peak! around! 2002300! mM! imidazole,! the! mutated!protein!eluted!in!several!peaks,!indicating!the!probable!presence!of!several!species!of!protein!(Figure!5.11).!There!were!many!high!molecular!weight!contaminants!in!the!mutant!protein!elutions,!which!were!not!visible!in!the!wild!type!purifications.!A!Western! blot!with! a! specific! poly2histidine! tag! antibody! showed! the! presence! of!lower!molecular!weight!histidine! tagged!protein!(data!not!shown),! this! indicated!that!the!degradation!problem!had!not!been!alleviated.!!
!!
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Figure! 5.11.! Comparison! of! the! first! IMAC! columns! of! wild2type! HDAC4! HDAC! domain! and! the!mutated! construct.!Green! line,! imidazole! concentration! from!021!M;!blue! lines,!UV!280!nm! trace.!Left!panel!wild2type!TbHDAC4!full!length!HDAC!domain;!right!panel,!mutant!protein.!!
5.10.!Conclusions!and!future!work!! A! putative! tubulin! deacetylase! was! identified! from! the! T.( brucei( genome.!Protein!was! successfully!produced!using! a! recombinant!E.( coli! system.!However,!attempts! to! purify! the! protein! were! frustrated! by! degradation! of! this! target.!Unfortunately,! it!was!not!possible! to! identify! the!exact!pattern!of!degradation.! If!this! could!have!been!determined!perhaps!a!modified! sequence! that! changed!any!regions!vulnerable!to!degradation!could!have!been!produced.!! The! degradation! was! not! prevented! by! the! addition! of! inhibitors! or! the!mutation! of! catalytic! residues.! Perhaps! these! mutations! prevented! the! correct!folding! of! the! protein,! or! coordination! of! the! zinc! ion! is! required! for! protein!stability.!!Mutation!of!different!active!site!residues!that!are!not!involved!with!zinc!coordination! may! be! a! more! successful! approach.! Mutation! of! Tyr306! to! a!phenylalanine! may! be! a! better! tolerated! mutation! that! would! still! prevent!enzymatic!activity.!!
!!
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!! Often!when!material!for!crystallisation!cannot!be!obtained!using!the!protein!sequences! from! one! organism,! homologous! sequences! can! be! utilised.! In! this!project!the!creation!of!recombinant!HDAC4s!using!sequences!from!T.(cruzi!and!L.(
major!have!been!explored!(data!not!shown).!However,! this!either!resulted! in! the!production!of! insoluble!material! or!protein!precipitation!after! initial! purification!steps.!The!production!of!soluble!truncated!L.(major!HDAC4!polypeptides!was!also!unsuccessful! (data! not! shown).! The! exploration! of! different! affinity! tags! such! as!GST2fusion!or!maltose!binding!protein!fusion!may!increase!these!targets!solubility.!Perhaps! this! protein! family! requires! additional! chaperones! or! posttranslational!modifications!not!available!in!E.(coli(to!produce!stabile!and!soluble!proteins.(!If!so!changing! into! a! eukaryotic! expression! systems! such! as! Pichia( pastoris( or! insect!cells!may!allow!for!successful!expression!and!purification!of!these!enzymes.!!!!!!
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6.!TUBLIN!TYROSINE!LIGASE!RESULTS!AND!DISCUSSION!
6.1!Aims!
! TTL!activity!was!identified!over!30!years!ago!(Raybin!&!Flavin,!1975)!and!was! the! first!posttranslational!modification!of! the!αFtubulin!CFterminal! tail! to!be!characterised!(Janke!&!Bulinski,!2011).!!It!is!also!the!smallest!member!of!the!TTLL!family,!which!includes!polyglutamylases!and!polyglycylases.!!The!TTLL!family!have!a! novel! fold! and! structural! information! of! these! enzymes! would! allow! the!enzymatic! mechanism! to! be! determined.! It! may! also! serve! as! a! clue! as! to! the!specificities!of!the!different!family!members.!! At!the!start!of!this!project!no!structural!information!had!been!obtained!on!any!TTLs.!The!aim!was!to!generate!material!suitable!for!crystallisation,!preferably!using!T.(brucei(TTLL!family!members.!!This!proved!to!be!very!difficult!and!studies!were! switched! to! concentrate! on! S.( scrofa( TTL.! The! results! of! this! project! are!discussed!below.!!
!
6.2.!Cloning!and!expression!of!S.!scrofa!TTL!Recombinant!S.(scrofa((SsTTL)!was!produced!as!a!GSTFfusion!protein.!A!3.6!litre! fermenter! was! required! due! to! low! yields.! This! technique! allowed! for! a!doubling!of!expression!yields!to!2!mg!LF1,!probably!due!to!the! increased!aeration!and!growth!times!that!were!made!possible.!HighFresolution!gel!filtration!indicated!the!presence!of!one!species!of!approximately!43.5!kDa!mass.!This!was!confirmed!by!MALDIFTOF!to!be!43.9!kDa.!!
!!
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Figure!6.1.!SDS!PAGE!and!gel!filtration!trace!of!final!steps!of!the!purification!of!SsTTL.!The!blue!line!represents!absorbance!at!UV!280!nm.!!Pc,!GST!beads!post!cleavage;!E,!post!cleavage!eluant;!C8,!C10,!C12,!C13,!fractions!from!gel!filtration!column.!The!gel!shows!pure!protein!at!43.5!kDa!with!only!a!minor!contaminating!band!in!C8!fraction,!which!was!not!used!in!crystalisation!trials.!!
!Figure! 6.2.! MALDIFTOF! of! SsTTL! after! the! final! step! of! purification.! The! calculated! molecular!weight!was!45140.4!Da!and!the!observed!was!43943.42!Da.!
!!
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!DSF! was! performed! and! a! melting! curve! indicative! of! correctly! folded!protein!was!observed!(Figure!6.3).!Addition!of!the!ligands!present!in!Table!6.1!to!this!assay!showed!no!shift!in!melting!temperature!greater!than!the!cut!off!change!of! 2! °C! (Figure! 6.4),! which! would! have! indicated! a! stabilising! effect! of! these!putative!ligands.!Two!buffers!systems!were!used,!buffer!A!was!the!buffer!used!to!purify! the!protein!whilst!buffer!B! is!a!previously!reported!buffer!used! in!activity!assays!of!endogenous!SsTTL!(Rüdiger!et(al.,!1994).!
!
Figure!6.3.!DSF!of!SsTTL!showing!clear!melting!curves.!Pink!curves!are!the!protein!in!buffer!A!(50!mM!Tris!pH!7.5,!150!mM!NaCl)!and!grey!curves!are!those!of!the!protein!in!buffer!B!(25!mM!MES!pH!6.8,!12.5!mM!MgCl2,!100!mM!KCl).!!
!!
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Table!6.1.!Ligands!used!for!DSF!and!cocrystallisation!experiments!with!SsTTL!Ligand! Concentration!(mM)!ATP! 2.5!AMPFPNP! 2.5!IodoFtyrosine! 0.3!Tyrosine! 0.3!Peptide!‘DSVEGEGEEEGEE’! 0.2!Peptide!‘EEY’! 0.3!
(
!
Figure! 6.4.! Plot! of! thermal! melting! temperatures! (Tms)! of! triplicate! repeats! of! SsTTL! when!incubated!with!various!potential!ligands!that!are!detailed!in!Table!6.1.!Buffer!A:!50!mM!TrisFHCl!pH!7.5,!150!mM!NaCl.!Buffer!B:!25!mM!MES!pH!6.8,!12.5!mM!MgCl2,!100!mM!KCl.!
(
6.3.!Crystallisation!experiments!Attempts!were!made!to!crystallise!this!protein!as!it!was!of!high!purity!and!it!appeared!to!be!folded.!Several!crystallisation!experiments!were!pursued,!different!concentrations!of!apo!protein,!protein!with!possible!ligands!(Table!6.1)!and!limited!
!!
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!proteolysis.! Almost! five! thousand! unique! conditions! were! tried;! however! none!were!discovered!that!resulted!in!crystal!formation.!Truncated!polypeptides!comprising!of! the!residues!1F335!and!1F359!were!designed!to!remove!the!CFterminus,!which!contained! five!consecutive!glutamines!that!may!have!been!preventing!stable!crystal!contacts!due!to!predicted!flexibility.!However,!these!polypeptides!were!insoluble.!
!
6.4.!Comparison!to!Xenopus!tropicalis!TTL!structure!Szyk!et(al.(((2011)!solved!the!crystal!structure!of!the!Xenopus(tropicalis!TTL!protein.! It! shares! 80!%! identity!with! SsTTL! and! is! shown! aligned! in! Figure! 6.5.!Although! very! similar,! some! variable! residues! are! involved! in! crystal! contacts!within!the!X.(tropicalis!structure.!In!addition,!the!remnants!of!the!tag!used!during!purification!are! involved! in!crystal!contacts.!The!3TIG!structure!used!was!a!GSTFTEV! construct,! which! left! a! post! cleavage! nonFnative! overhang! of! the! residues!GSFT.!In!contrast,!in!the!S.(scrofa(polypeptide!due!to!cloning!into!the!pGEXF6P!Not1!site,! it! has! an! overhang! of! fifteen! amino! acids! (GPLGSPEFGRLERPH)! post!PreScission!protease!cleavage.!This!tag!length!is!considerably! longer!than!the!tag!remnants!of!the!protein!of!the!X.(tropicalis!structure.!!!
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Figure!6.5.!Alignment!of!X.(tropicalis!sequence!as!present!in!the!crystal!structure!(PDB!code!3TIG)!against!S.( scofa!and!T.(brucei(TTL!sequences.!Residues! involved! in!crystal!contacts! indicated!with!downward!arrows,! residues! involved! in! crystal! contacts! that! are! conserved!between!X.( tropicalis!and!S.( scrofa! are! coloured! green! and! those! that! are! nonFconserved! in! red.! Black! boxes! indicated!100%!conservation,!grey!66%.!!
6.5.!Cloning!and!expression!of!T.!brucei!TTL!An! expression! system! that! produced! some! soluble( TbTTL(was! prepared,! using!similar! protocol! as! SsTTL.! However! a! major! contaminant! coFpurified! and! was!identified,! with! tryptic! mass! spectrometry,! as! the! bacterial! chaperonin! GroEL!(Figure!6.6).!GroEL!recognises!and!binds!hydrophobic!regions!of!proteins!(Li!et(al.,!2009)!and!binds!nonFnative!but!not!native! folded!E.(coli(proteins!(Viitanen!et(al.,!1992),! therefore! its!presence! indicates!that!the!protein!was!probably!partially!or!improperly!folded.!There!are!methods!known!for!separating!GroEL!from!samples,!such!as!the!addition!of!ATP!and!GroEL’s!coFchaperone!GroES,!or!the!competition!of!GroEL!binding!with!denatured!E.(coli!proteins!(Rohman!&!HarrisonFLavoie,!2000).!However,! lab!experience!shows!that!obtaining!protein! in! large!enough!quantities!and!pure! enough! for! crystalisation! is!unlikely!when! this! contaminant! is!present;!therefore!efforts!were!concentrated!on!more!promising!projects.!!!!!
!!
Chapter(6(–(Tubulin(tyrosine(ligase(results(and(discussion(!
(
!
!
120!
!!
!
Figure!6.6.!SDS!PAGE!gel!of!a! typical!SsTTL!purification!and!a!TbTTL!expression! trial.!Lanes!are!labelled! P,! pellet;! SN,! supernatant;! FT,! flowthough;! W3,! wash;! B,! GST! beads.! SsTTL,! TbTTL! and!GroEL!are!labelled.!
!
6.6.!Conclusions!Although!pure!protein!of!SsTTL!that!appeared!to!be! folded!could!be!obtained!for!crystallisation! experiments,! no! crystals! were! formed.! Attempts! were! made! to!obtain! the!T.( brucei(and( L.(major(TTL! and! related!polyglutamylase!TTL!domains!(data!not!shown),!however!these!proteins!were!often!insoluble!or!expressed!in!the!presence!of!E.(coli!chaperones,!indicating!that!they!were!incorrectly!folded.!These!expression! attempts! did! not! produce! any! material! amenable! for! crystallization!trials.!!!!!
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